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SUMMARY 

The work d e s c r i b e d   i n   t h i s   r e p o r t   p r e s e n t s   a n   i m p r o v e d   a c o u s t i c  
impulse  technique  and i t s  a p p l i c a t i o n   t o   s t u d y   t h e   a c o u s t i c   t r a n s m i s s i o n  
c h a r a c t e r i s t i c s   o f   d u c t   / n o z z l e   s y s  tems. 

The   ob jec t ive  of t h i s  program was t o   i n v e s t i g a t e   t h e   v a r i o u s  
problems  assoc ia ted   wi th   the   spark-d ischarge   impulse   t echnique   used  i n  
t h e   f i r s t  two phases   o f   t he   p re sen t   con t r ac t   and   t o   de t e rmine   t he  means 
t o  overcome  those   p roblems.   In   addi t ion ,   the   re f ined   impulse   t echnique  
w a s  to   be   used   to   ob ta in   an   improved   Unders tanding   of   the   acous t ic  
t r a n s m i s s i o n   p r o p e r t i e s  of s e l ec t ed   nozz le   geomet r i e s .  

To accompl i sh   t hese   ob jec t ives ,   va r ious   p rob lems   a s soc ia t ed   w i th  
the   spark-d ischarge   impulse   t echnique  were f i r s t   s t u d i e d .   T h e s e  
included ( 1  ) t h e   n o n l i n e a r   b e h a v i o r  of h i g h   i n t e n s i t y   p u l s e s ,  ( 2 )  t h e  
contaminat ion of t h e   s i g n a l   w i t h   f l o w   n o i s e ,  ( 3 )  low  s igna l - to-noise  
r a t i o  a t  h i g h   e x h a u s t   v e l o c i t i e s ,  and ( 4 )  t h e   i n a b i l i t y  t o  c o n t r o l  or 
s h a p e   t h e   s i g n a l   g e n e r a t e d  by t h e   s o u r c e ,   e s p e c i a l l y  when m u l t i p l e   s p a r k  
p o i n t s  were used   a s   t he   sou rce .  

The f i r s t   s t e p   t o   r e s o l v e   t h e s e   p r o b l e m s  was the   rep lacement  of t h e  
spa rk -d i scha rge   sou rce   w i th   e l ec t roacous t i c   d r ive r ( s ) .   Fo l lowing   t h i s ,  
severa l   p rocesses   to   improve   the   impulse   t echnique  were s tud ied   and  
implemented.  These  included (1) syn thes i z ing   an   acous t i c   impu l se   w i th  
a c o u s t i c   d r i v e r ( s )   t o   c o n t r o l   a n d   s h a p e   t h e   o u t p u t   s i g n a l ,  ( 2 )  
t ime-domain   s igna l   ave rag ing   t o  remove the   f l ow  no i se   f rom  the  
con tamina ted   s igna l ,  ( 3 )  s i g n a l   e d i t i n g   t o  remove  unwanted  portions of 
t h e  time h i s t o r y ,  ( 4 )  s p e c t r a l   a v e r a g i n g ,   a n d  ( 5 )  numerical  smoothing. 

The a c o u s t i c  power  measurement  technique w a s  improved  by  taking 
mul t ip le   induct   measurements   and  by u t i l i z i n g  a modal  decomposition 
p r o c e s s   t o   a c c o u n t   f o r   t h e   c o n t r i b u t i o n  of h i g h e r   o r d e r  modes i n   t h e  
power  computation.  The  improved  acoustic  impulse  technique was t h e n  
v a l i d a t e d  by compar inR  the   resu l t s   der ived  by an  impedance  tube  method. 

The  mechanism  of a c o u s t i c  power l o s s ,   t h a t   o c c u r s  when sound i s  
t r ansmi t t ed   t h rough   nozz le   t e rmina t ions ,  was i n v e s t i g a t e d   f i r s t  by 
v i s u a l  means. I n   a d d i t i o n ,   t h e  amount  of  power l o s s  was e v a l u a t e d  
expe r imen ta l ly   and  by a t h e o r e t i c a l   p r e d i c t i o n  method.  The  important 
phenomena  observed i n   f l o w - v i s u a l i z a t i o n   r e s u l t s  was t h e   f o r m a t i o n  of a 
v o r t e x   r i n g  a t  t h e   n o z z l e   t e r m i n a t i o n  when a sound wave was t r a n s m i t t e d  
o u t .  The i n t e n s i t y   o f   t h e   v o r t e x   r i n g  w a s  i n c r e a s e d   w i t h   i n c r e a s e d  
i n t e n s i t y  of t he   sound  wave a t  t h e   t e r m i n a t i o n .   T h e   q u a n t i t a t i v e  
r e s u l t s   i n d i c a t e d   t h a t   t h e   a c o u s t i c  power loss was p r o p o r t i o n a l   t o   t h e  
in t ens i ty   o f   t he   sound .   The re fo re ,  i t  can   be   conc luded   t ha t   t he  
a c o u s t i c  power l o s s  was d u e   t o   t h e   f o r m a t i o n  of v o r t e x   r i n g  a t  t h e  
nozz le   t e rmina t ion   and   t he   cause   o f   vo r t ex   r i ng  was t h e   c o n v e r s i o n  of 
a c o u s t i c   e n e r g y   i n t o   v o r t i c a l   e n e r g y .  

iii 



Finally,  the  refined  impulse  technique was applied  to   obtain more 
accurate   resul ts   for   the   acoust ic   transmiss ion  character is t ics  of a 
conical   nozz le  and a multi-lobe  multi-tube  suppressor  nozzle,  both of  
which  were tested e a r l i e r   i n  phase I1 of   this   contract .  
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1 . INTRODUCTION 

Dur ing   t he   pas t  several y e a r s ,   r e s e a r c h   o n   t h e   t r a n s m i s s i o n   o f  
sound  th rough  a i rc raf t   engine   nozz les   has   been   ongoing  a t  t h e  Lockheed- 
Georgia Company, and as p a r t   o f   t h i s  work, s eve ra l   con ica l ,   co -annu la r  
( r e f .  1) a n d   s u p p r e s s o r   n o z z l e s   ( r e f .   2 )   h a v e   b e e n   t e s t e d   f o r  a v a r i e t y  
o f   o p e r a t i n g   c o n d i t i o n s .  A t  t he   beg inn ing  of t h i s  program, as a r e s u l t  
of many i m p o r t a n t   c o n s i d e r a t i o n s ,   a n   i m p u l s i v e   a c o u s t i c   s o u r c e  w a s  
c h o s e n   f o r   t h e   i n p u t   t o   d e t e r m i n e   t h e   n o z z l e   a c o u s t i c   t r a n s m i s s i o n  
c h a r a c t e r i s t i c s .  The impulse  makes i t  p o s s i b l e   t o   i s o l a t e   t h e   i n c i d e n t  
a n d   r e f l e c t e d   i n t e r n a l   a c o u s t i c   f i e l d s .   M o r e o v e r ,   u n l i k e  a d i s c r e t e -  
f requency   exper iment ,   the   impulse  test t e c h n i q u e   a l l o w s   t h e   d e t e r m i n a t i o n   o f  
t r a n s m i s s i o n   c h a r a c t e r i s t i c s   o v e r  a r ange   o f   f r equenc ie s  a t  one time ( r e f .  3 ) .  

As a r e s u l t  o f   t h e   f i r s t  two phases  of t h i s   c o n t r a c t  (NAS3-20797), 
some very   pos i t ive   accompl ishments   have   been  made. T h e s e   i n c l u d e   ( i )  a 
l i m i t e d  unde r s t and ing  of t h e   i n f l u e n c e  of nozz le   shape   and   f low  ve loc i ty  
( a n d   v e l o c i t y   p r o f i l e )   o n   t h e   t r a n s m i s s i o n  of i n t e r n a l   s o u n d   t o   t h e   f a r  
f i e l d ,   ( i i )   t h e   i d e n t i f i c a t i o n  of two d i f f e r e n t   p h y s i c a l  mechanisms 
r e l a t e d   t o   n o z z l e   r a d i a t i o n   e f f i c i e n c y ,   a s s o c i a t e d   w i t h   t h e   o p e n  
t e r m i n a t i o n  and t h e   s o l i d   p a r t  of t h e   n o z z l e ,   ( i i i )   t h e   e x p e r i m e n t a l  
d e t e r m i n a t i o n  of t h e   i n f l u e n c e   o f   s u p p r e s s o r   n o z z l e s  on i n t e r n a l   n o i s e  
r a d i a t i o n   e f f i c i e n c y ,  and ( iv )   t he   deve lopmen t   o f   t he   acous t i c   impu l se  
t echn ique   a s   an   au tomated   and   r ap id   me thod   fo r   ob ta in ing   t he   spec t r a l  
c h a r a c t e r i s t i c s  of t h e   n o z z l e   t r a n s f e r   c o e f f i c i e n t s   ( r e f s .   1 , 2 , 3 ) .  

During  the  course  of  the  above-mentioned  work,  however,  many 
problems were faced   which   e i ther  made some of t h e   a c q u i r e d   d a t a  
u n r e l i a h l e   ( e . g . ,   d u e   t o   t h e   l o w   s i g n a l - t o - n o i s e   r a t i o   a t   h i g h  je t  
v e l o c i t i e s )   o r  made t h e   i n t e r p r e t a t i o n  of t h e   d a t a   d i f f i c u l t   ( e . g . ,   d u e  
t o   t h e  measured   imbalance   be tween  the   t ransmi t ted   and   the   fa r - f ie ld  
acous t ic   powers) .  It became appa ren t   t ha t   be fo re   t he   impu l se   t echn ique  
can   be   un ive r sa l ly   accep ted  as a s t a n d a r d   a c o u s t i c  test t e c h n i q u e ,  
c e r t a i n   c h a r a c t e r i s t i c s  and  problems  must  be  thoroughly  investigated  and 
understood.  

Some of t h e  more impor t an t   p rob lems   and   poss ib l e   so lu t ions  are 
summarized  below: 

(1) Inherent   Operat ional   Problems  With  the  Spark  Source 

A s p a r k   d i s c h a r g e  w a s  used i n   t h e  work d e s c r i b e d   i n   r e f e r e n c e s  1 
and 2. The s p a r k   d i s c h a r g e  l e d  t o  numerous  instrumentat ion  and 
equ ipmen t   p rob lems   r e su l t zng   f rom  the   e l ec t ro   magne t i c   f i e lds .  
Fur thermore ,   the   spark  time s i g n a t u r e  w a s  n o t   p r e c i s e l y   r e p e a t a b l e   a n d  
a l s o   s e v e r a l   m i n u t e s  were r e q u i r e d   b e t w e e n   d i s c h a r g e s   t o   r e c h a r g e   t h e  

. c a p a c i t o r  bank. 
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These  problems  could  be  solved  with an e l ec t roacous t i c   sou rce ,  
p rovided   o ther   p rac t ica l   p roblems  assoc ia ted   wi th   the   e lec t roacous t ic  
source  could  be  resolved. 

( 2 )  Low Signal-to-Noise  Ratio a t  High Jet  Exhaust   Veloci t ies  

All d a t a   a c q u i r e d   i n   t h e   f i r s t  two phases of t h i s   c o n t r a c t   ( r e f s .  1 
and 2)  were based  on a s i n g l e   p u l s e   a n a l y s i s  scheme.  However, t h e  
presence of j e t  mixing  noise,  superimposed as a background  on  the 
impu l se   r ece ived   i n   t he   f a r   f i e ld ,   i nev i t ab ly   p roduced   spec t r a l  
contaminat ion.   This   condi t ion became aggravated a t  h i g h   f l o w   v e l o c i t i e s  
due t o   h i g h e r  j e t  mixing  noise,  and i t  was p a r t i c u l a r l y   s e v e r e  a t  small 
polar   angles   where   the   re f rac t ion   e f fec t   reduced   the   pu lse   ampl i tude  
whi le   the   convec t ive   ampl i f ica t ion   increased   the  j e t  mixing  noise. 

The t r a d i t i o n a l   s o l u t i o n   i n   t h i s   s i t u a t i o n  i s  to   u se   t he   t echn ique  
of s igna l   averaging .  If a s u f f i c i e n t  number  of i nd iv idua l   r eco rds  are 
averaged ,   the   s tochas t ic   cont r ibu t ion   f rom  the   j e t   mix ing   no ise  w i l l  
ave rage   t o   ze ro  and thus   t he  p u l s e  time h i s t o r y  w i l l  be  recovered 
c leanly .  

(3) Imbalance Between Transmitted  and Far -Fie ld  Acoustic Power 

A comparison  between  the  transmitted  acoustic power ( ca l cu la t ed  
from the  in-duct  measurements)  and  the  measured  far-field  acoustic power 
ind ica t ed  a low-frequency power l o s s  and a high-frequency power ga in  
even when t h e r e  was  no flow  through  the  nozzle system. 

This   observat ion  could  be  due  to   one  or  more  of t he   fo l lowing   t h ree  
f a c t o r s :  (1) inadequacy of t h e   s i n g l e - p o i n t   i n t e n s i t y  measurement i n s i d e  
the   duc t ,  ( 2 )  nonl inear   propagat ion of h igh- in tens i ty   spark   d i scharge  
pulses ,  and (3) conversion of acous t ic   energy   to   f low  energy .  

The major   object ive of t he  work d e s c r i b e d   i n   t h i s   r e p o r t  was t o  
invest igate   the  above  problems  associated  with  the  acoust ic   impulsive 
t e s t   t e c h n i q u e  and to   de te rmine   the  means t o  overcome these  problems. 
In  add i t ion ,   w i th   t he   r e so lu t ion  of some o r  a l l  of these  problems,  
s e l ec t ed   nozz le   t r ansmiss ion  tests were to   be   r epea ted  t o  improve  the 
e x i s t i n g   d a t a   b a s e .  

The  work conducted i n   t h e   e a r l i e r  two phases   under   th i s   cont rac t  i s  
b r i e f ly   desc r ibed   i n   t he   nex t   s ec t ion ,   where   t yp ica l  results i n d i c a t i n g  
the  above  mentioned  problems a re   i nc luded .  

The f a c i l i t y  used in   t he   p re sen t   s tudy  and the  data  a n a l y s i s  
procedure are desc r ibed   i n   s ec t ion  3.  

The var ious  processes   used  to   improve  the  acoust ic   impulse 
technique are desc r ibed   i n   s ec t ion  4 .  These   inc lude   s igna l   synthes is  of 
acous t i c   pu l se s  from e l ec t roacous t i c   d r ive r s ,   s igna l   ave rag ing ,   s igna l  
e d i t i n g ,   s p e c t r a l   a v e r a g i n g ,  and  numerical  smoothing. 
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Section 5 describes  the  acoustic  power  measurement  technique for 
single and annular  stream flow systems. This  includes  the  modal  power 
calculation  using  modal  decomposition techniques. 

The improved  acoustic  impulse  technique was validated  by 
comparing  the  results  derived  using  this  technique  with  similar  results 
derived  from  other  established  methods,  namely,  the  impedance  tube 
technique.  This  validation  is  presented in section 6 .  

The acoustic  power loss mechanisms  was  investigated  qualitatively 
by  visual  means. Also, the  acoustic  power  loss  was  quantitatively 
evaluated  using  a  theoretical  model.  These  results  are  presented in 
section 7. 

Finally,  the  refined  acoustic  impulse  technique was applied  to 
study  the  acoustic  transmission  characteristics of a 6.2 cm  diameter 
conical  nozzle and a multi-lobe  multi-tube  suppressor  nozzle  with an 
eqllivalent  exit  diameter  of 6.2 cm,  both of which  were  tested  earlier in 
Phase 'I1 of the  present  contract.  The  new  results  are  described in 
section 8. 

Important  conclusions  drawn  from  the  present  study  are  outlined  in 
section 9 .  In  addition  specific  improvements  achieved  due to  the 
refined  impulse  technique  and  the  limitations of this  technique  are  also 
described  in  this  section. 

The  important  symbols used  in  this  report are listed  in  Appendix A. 
The major  computer  programs  used  for  data  analysis are listed in 
Appendix R of  this  report. 
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2. BACKGROUND 

D u r i n g   t h e   p a s t   f i v e   y e a r s ,   e x p e r i m e n t a l  research on the 
transmission  of   sound  through a i rcraf t  eng ine   exhaus t   nozz le s   has   been  
conducted a t  the  Lockheed-Georgia Company under  NASA Cont rac t  
NAS3-20797. I n   t h e   i n i t i a l   p a r t  of t h i s   c o n t r a c t   ( P h a s e  I) ,  the   ma jo r  
emphasis  was placed  on (1) d e v e l o p i n g   t h e   a c o u s t i c   i m p u l s e   t e c h n i q u e ,  
u s i n g  a s p a r k   d i s c h a r g e   s o u r c e ,  a s  a method f o r   m e a s u r i n g   t h e   a c o u s t i c  
t r a n s m i s s i o n   c h a r a c t e r i s t i c s  of nozzles ,   and ( 2 )  u s i n g   t h i s   t e c h n i q u e   t o  
d e t e r m i n e   t h e   i n t e r n a l   n o i s e   r a d i a t i o n   e f f i c i e n c y  of c o a x i a l   n o z z l e s  
w i t h   i n v e r t e d   f l o w   v e l o c i t y   p r o f i l e s  ( ref .  1). In   Phase  I1 of t h i s  
c o n t r a c t ,   t h e  work conducted   in   Phase  I w a s  e x t e n d e d   t o   c o v e r   t h e  
i n t e r n a l   n o i s e   r a d i a t i o n   f r o m   v a r i o u s   s u p p r e s s o r   n o z z l e   c o n f i g u r a t i o n s ,  
bo th   s ing le - s t r eam  and   dua l - s t r eam  ( r e f .  2 ) .  

2.1 THE ACOUSTIC  IMPULSE TECHNIQUE WITH SPARK  DISCHARGE  SOURCE 

I n  many of t h e   e x p e r i m e n t s   t o   s t u d y   t h e   t r a n s m i s s i o n  of i n t e r n a l l y  
g e n e r a t e d   s o u n d   t h r o u g h   a i r c r a f t   e n g i n e   e x h a u s t   n o z z l e s ,  a knowledge of 
t h e   b e h a v i o r  of t h e   i n c i d e n t   a n d   t h e   r e f l e c t e d   s i g n a l s  by themselves  is  
r e q u i r e d   b u t   h a s   b e e n   d i f f i c u l t   t o   o b t a i n   b e c a u s e   o f   t h e   i n a b i l i t y   o f  
i s o l a t i n g   t h e s e  two s i g n a l s .  As a r e s u l t  of t h i s  extreme d i f f i c u l t y   i n  
e x p e r i m e n t a l l y   s e p a r a t i n g   t h e   i n c i d e n t   a n d   r e f l e c t e d   a c o u s t i c   w a v e s   f o r  
e i t h e r   p e r i o d i c   o r   c o n t i n u o u s   b r o a d b a n d   e x c i t a t i o n ,  a t r a n s i e n t  tes t  
t echn ique ,   u s ing  a h i g h   v o l t a g e   s p a r k   d i s c h a r g e  as the   impuls ive   sound 
s o u r c e ,  was deve loped   ( r e f .  3). TJse of   the   impulse   source  makes t h i s  
s e p a r a t i o n   v e r y   s i m p l e  by e n s u r i n g   t h a t   e a c h   c o m p o n e n t   ( i . e . ,   i n c i d e n t  
a n d  r e f l e c t e d )  of t h e   p u l s e  wave t r a i n  i s  a d e q u a t e l y   s e p a r a t e d   i n  time. 
A n o t h e r   d e s i r a b l e   f e a t u r e  of t he   impu l se   t echn ique  i s  tha- t   each  of t h e  
i n c i d e n t ,   t h e   r e f l e c t e d   a n d   t h e   t r a n s m i t t e d   p u l s e   c o n t a i n s   t h e   s p e c t r a l  
i n fo rma t ion   ove r  a wide r   band   necessa ry   fo r   comput ing   t he   des i r ed  
t r a n s m i s s i o n   a n d   r e f l e c t i o n   c h a r a c t e r i s t i c s   i n  a s i n g l e  t es t .  
T h e r e f o r e ,   t h e  t e s t  time is  d r a m a t i c a l l y   r e d u c e d .   T h i s   t e c h n i q u e   h a s  
been   success fu l ly   u sed  a t  Lockheed t o   s t u d y   t h e   t r a n s m i s s i o n  
c h a r a c t e r i s t i c s  of v a r i o u s   d u c t   t e r m i n a t i o n s   i n c l u d i n g   s u p p r e s s o r  
n o z z l e s ,   o r i f i c e s ,  a n d   p e r f o r a t e d   p l a t e s   ( r e f s .  1,  2 and 4 through 6 ) .  

2.2 TEST CONFIGURATIONS AND PROCEDURES 

The acous t i c   measu remen t s   fo r   de t e rmin ing   t he   t r ansmiss ion  
c o e f f i c i e n t s  of v a r i o u s   n o z z l e   t e r m i n a t i o n s  were c a r r i e d   o u t   i n  two 
s e p a r a t e   f a c i l i t i e s .  The s i n g l e - s t r e a m   c o n i c a l   n o z z l e s   a n d   t h e   d a i s y  
l o b e   s u p p r e s s o r   n o z z l e  were t e s t e d   i n   t h e   a n e c h o i c   f r e e  j e t  f a c i l i t y .  
The coannular   round  nozz les   and   the   mul t i -chute   suppressor   nozz le ,   for  
which  no f l i g h t   s i m u l a t i o n  data  were a c q u i r e d ,  were t e s t e d   i n   t h e  
anechoic  s t a t i c  j e t  f a c i l i t y .  

2.2.1 Test  F a c i l i t y   f o r   S i n g l e  Stream Nozzles  
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The a n e c h o i c   f r e e - j e t  wind t u n n e l   f a c i l i t y  i s  powered by a je t  
e j e c t o r  a n d  is capab le   o f   p rov id ing   con t inuous   f r ee - j e t   ve loc i t i e s   up   t o  
95 m / s  w i th  a c i r c u l a r   t e s t   s e c t i o n  of diameter 0.71 m. For  minimum 
b l o c k a g e   i n   t h e   w o r k i n g   s e c t i o n ,   t h e   a i r - s u p p l y   d u c t i n g   f o r   t h e   p r i m a r y  
j e t  is i n s t a l l e d   a x i a l l y   i n   t h e   i n t a k e / c o n t r a c t i o n   s e c t i o n .  

V a r i o u s   c o n i c a l   n o z z l e s   o f   d i f f e r e n t   e x i t   d i a m e t e r s   w i t h  a f ixed  
convergence  angle   (about  6 deg rees )  were t e s t e d   i n   t h i s   f a c i l i t y .  These 
nozz le s  were connec ted   t o   t he  10 cm diameter   f low  duc t .  In a d d i t i o n ,  a 
mult- l - lobe  mult i - tube  suppressor   with  an  equivalent   round  nozzle  e x i t  
d iameter  of 6 . 2  c m  w a s  a l s o   t e s t e d   i n   t h i s   f a c i l i t y .  A photographic  
view  of   the  suppressor   nozzle  i s  shown i n   f i g u r e  2.1. The r e s u l t s  
de r ived   fo r   t he   suppres so r   nozz le   were  compared t o   t h o s e   d e r i v e d   f o r   t h e  
r e fe rence   con ica l   nozz le  of  6.2 cm e x i t   d i a m e t e r .  

The e x p e r i m e n t a l   c o n f i g u r a t i o n   i n  i t s  b a s i c  form is shown i n   f i g u r e  
2.2. It con ta ins   t he   spa rk   sou rce   p l aced  on t h e   c e n t e r   l i n e  of t h e  10 
c m  d i ame te r   supp ly   duc t ,   abou t  6 meters ups t ream  of   the   nozz le   ex i t .  
Tnterna l   no ise  is genera ted  by induc ing   spa rks   ac ross  two g r a p h i t e  
e l e c t r o d e s   s e p a r a t e d  by a smal l  a i r  gap. 

2.2.2 Test F a c i l i t y   f o r   C o a n n u l a r   N o z z l e s  

The acous t ic   measurements   to   de te rmine   the   nozz le   t ransmiss ion  
c o e f f i c i e n t s   f o r   t h e   d u a l  stream round  nozzles  and  multi-chute  nozzle 
were made i n   t h e   a n e c h o i c  s t a t i c  j e t  f a c i l i t y .  The anechoic  chamber 
u s e d  f o r   t h e s e   s t u d i e s   p r o v i d e s  a f r ee - f i e ld   env i ronmen t   €o r  a l l  
f requencies   above  200 Hz, and i n c o r p o r a t e s  a spec ia l ly-des igned   exhaus t  
c o l l e c t o r / m u f f l e r  wh ich   p rov ides   adequa te   quan t i t i e s  of j e t  en t ra inment  
a i r ,   d i s t r t b u t e s   t h i s   e n t r a i n m e n t   a i r   s y m m e t r i c a l l y   a r o u n d   t h e  j e t  a x i s ,  
a n d  k e e p s   t h e   a i r   f l o w   c i r c u l a t i o n   v e l o c i t i e s   i n   t h e  room t o  a minimum. 

The c o n i c a l   n o z z l e s   t e s t e d  i n  t h e   c o - a n n u l a r   f a c i l i t y  are shown i n  
f i g u r e  2.3. In all, s ix   s econda ry   nozz le s  were used i n   c o n j u n c t i o n   w i t h  
one  f ixed  pr imary  nozzle  of diameter  7.62 c m  and  conical   half-angle  of 
15 degrees .   Three   ou ter   nozz les  had c o n i c a l   h a l f   a n g l e  of  20 deg rees ,  
and the  remaining  three  had 40 degrees .  Each s e t  of   these  nozzles   were 
d i s t i n g u i s h e d  by t h e i r   L / h   r a t i o s ,   w h e r e ,  L i s  t h e   p r o t r u s i o n  of primary 
e x i t  beyond t h e   f a n   e x i t  and h i s  the  annulus   width,   which were 1 , 3  
and 5 ,  r e spec t ive ly .   F igu re  2.4 shows a co-annular   nozzle  mounted i n  
t h e   c o - a x i a l   j e t   f a c i l i t y .  

The mul t i -chute   suppressor  was a co-axial   36-chute   nozzle ,  shown i n  
f i a u r e  2.5. This   suppressor  is f i t t e d  wi th  a 6.7 c m  d iameter   p lug .  

For   the   dua l -s t ream  nozz les ,  s ix  spa rk   sou rces ,   equ i spaced   i n   t he  
secondary  plenum, were used. A schematic  view of t h e   s o u r c e   s e c t i o n  i s  
shown i n  f i g u r e  2.6. The s o u r c e   s e c t i o n   f o r   t h e   p r i m a r y  plenum i s  a l s o  
shown here .  
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F i g u r e  2 .1  A close-up  v iew o f  the   da isy   lobe  suppressor  
w i t h   t h e   p l u g  removed. 
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Figure 2.2 The  source  section  for  the  daisy  lobe and the  reference 
conical  nozzle and the  measurement  configuration 



Figure  2.3 lllustration of core and fan nozzles N 1  to Ng. 



F i g u r e  2.4 The coaxial jet facility. 
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L =  

30. 

F i g u r e  2 . 5  The  36-chute d u a l  s t r e a m   s u p p r e s s o r   n o z z l e  
(L /h  = 3 )  
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(a) PORT FOR 
SPARK PLUGS 

y TRANSDUCER  PORT 
FOR  SECONDARY  FLOW 

28  cm 1- 46 crn 

(b) / SPARK  PLUGS 

THERMAL 
I N S U L A T I O N  \ 

' // CORE I 
FLOW 

I 
F i g u r e  2 . 6  S o u r c e   s e c t i o n   f o r   t h e  mu1 t i c h u t e  and t h e  

( N o t  to Sca le)  
r e f e r e n c e   c o a x i a l   n o z z l e .  
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It i s  t o  b e   n o t e d   t h a t   u n l i k e   t h e   c o n f i g u r a t i o n   f o r   t h e   s i n g l e -  
stream nozzle,   where  the  spark  source w a s  placed a c o n s i d e r a b l e   d i s t a n c e  
away from the   nozz le  ex i t ,  t h e   s o u r c e   i n  the dual-nozzle   configurat ion 
w a s  loca ted   on ly  74 cm ups t ream  of   the   nozz le   ex i t   p lane .  A l a r g e r  
t r a v e l l i n g   d i s t a n c e  i s  d e s i r a b l e  so t h a t   t h e   s p h e r i c a l  wave f r o n t s  of an 
impulsive  point   source w i l l  have  such a l a r g e   r a d i u s   o f   c u r v a t u r e   t h a t  
i t  w i l l  a p p e a r   e s s e n t i a l l y   a s  a plane wave,  which is  the   des i r ed   i n -duc t  
cond i t ion   ( r e f .   2 ) .  However, a very  long  secondary plenum w a s  no t  
p r a c t i c a l   w i t h   t h e   e x i s t i n g   f a c i l i t y .  Hence, a s  shown i n   f i g u r e  2.6, 
the   spark   source   (e lec t rode   gap)  was  used in   con junc t ion   w i th  a 
p a r a b o l o i d a l   r e f l e c t o r .   i h e   e f f e c t  of t h e   p a r a b o l o i d a l   r e f l e c t o r  was t o  
inc rease   t he   impu l se   ene rgy   t r ave l ing   i n   t he   ax i a l   d i r ec t ion  and t o  
modify  the wave f r o n t  from s p h e r i c a l   t o   e s s e n t i a l l y   p l a n e   i n   n a t u r e .  

Each of t h e   s p a r k   g a p s   i n   t h i s   c o n f i g u r a t i o n  was connec ted   in  
ser ies  through  h igh   vo l tage   cab les   such   tha t  a l l  of  them f i r e d  
s imul taneous ly .   I Jn l ike   the   e lec t rodes   for   the   s ing le-nozz le  
conf igu ra t ion  where t h e  two e l ec t rodes   ac tua l ly   f aced   each   o the r ,   t he  
secondary plenum e l e c t r o d e s   i n   t h i s   c a s e  had  an  included  angle of  20 
deg rees   a s  shown i n   f i g u r e  2.6(b) .  A photograph of t h e   e l e c t r o d e s  
p l a c e d   a t   t h e   f o c u s  of t h e   p a r a b o l o i d ,   i n   t h e   c o r e  plenum, i s  shown i n  
f i g u r e  2.7. 

2.3 EXPERIMENTAL  PROCEDURE, DATA ANALYSIS AND DATA PRESENTATION 

2.3.1 na t a   Acqu i s i t i on  

The in-duct  measurements  were made  by a Sundstrand  t ransducer  
l o c a t e d   a t  a su i t ab le   d i s t ance   ups t r eam of the   nozz le  e x i t  (=76 cm) so 
t h a t  i t  was p o s s i b l e   t o   i s o l a t e   t h e   i n c i d e n t  and r e f l e c t e d   p a r t s  of t h e  
time h i s to ry .  The f a r - f i e l d  signals were measured by 0.635 c m  B&K 
microphones on a p o l a r   a r c  of r a d i u s  3.5 m a t  eve ry   10   deg rees   i n   t he  
range 0 degree   t o  120 degrees   w i th   t he  j e t  axis.  

2.3.2 Data Analysis  

The d a t a   a n a l y s i s   f o r   i n t e r n a l   n o i s e  w a s  c a r r i e d   o u t   u s i n g   t h e  
t r a n s i e n t   c a p t u r e  mode of t h e   r e a l  time SD-360 a n a l y z e r .   I n   t h i s  mode 
i t  w a s  poss ib l e   t o   cap tu re   t he   i n -duc t  and f a r - f i e l d  t i m e  h i s t o r i e s  and 
t o   e d i t   o u t   t h e  unwanted p a r t s  of t he   s igna l s .   Th i s  made i t  p o s s i b l e   t o  
r e t a i n   o n l y   t h e   i n c i d e n t   p a r t  of t h e   i n - d u c t   t r a n s i e n t   s i g n a l  ( A )  and 
on ly   t he   t r ans i en t   ( impu l se )  component  of t h e   f a r - f i e l d   s i g n a l  ( B ) .  
S igna l s  A and B were then  Fourier   t ransformed t o  o b t a i n   t h e i r   r e s p e c t i v e  
spec t ra .   Fol lowing   th i s ,   appropr ia te   cor rec t ions   €or   microphone  
frequency  response and atmospheric   absorpt ion were a p p l i e d ,  and t h e  
r e s u l t i n g   s p e c t r a  were u t i l i z e d   t o   c a l c u l a t e   v a r i o u s   t r a n s m i s s i o n  
parameters  described below. 

2.3.3 P resen ta t ion  of Transmission  Data 

Three  basic   parameters  of i n t e r e s t  were ca lcu la ted   f rom  the  
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Figure 2.7 Source  section of core  nozzle plenum. 
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measurements  made  in  the  far-field  and  inside  the  duct.  These  were  the 
Reflection  Coefficients (U), Normalized  Transmission  Coefficients (NTC), 
and.Power Transfer  Functions (PTF). The  expressions  for  these  parameters 
are  given  below  (ref. 2). If  pi, pry and pf are  the  amplitudes of the 
incident,  reflected  and  far-field  acoustic  pressures,  respectively,  then 

Reflection  Coefficient a (dB) = 10 Loglo (P:/P;) 

Normalized  Transmission  Coefficient NTC(0)  (dB) = 10  Loglo (I~(~)/I,) 

Power  Transfer  Function  Normalized 
to  Incident  Power 

Power  Transfer  Function  Normalized 
to  Transmitted  Power  (Power 
Imbalance) 

where , 
Far-field  Intensity 

. Incident  Intensity  for  an 
Equivalent  Point  Source 

Incident  Power 

Reflected  Power 

Transmitted  Power 

Far-field  Power 

NTC is  thus  the  ratio  of  the 

PTFi 

PTFt (dB) = 10 Loglo (Wf/Wt) 

%Pr 
Wr = - (1-M/ 

2 

P ~ C ~  

Wt 
= wi - Wr 

Ear-field  intensity  measured  at a 
given  point  to  that  produced at the  same  point by a point  source  of 
total  power  Wi  located  at  the  nozzle  exit  center.  Similarly,  PTFi  and 
PTFtare the  far  field  acoustic  powers  normalized  with  respect  to  the 
incident  power  and  the  transmitted  power,  respectively. 

2.4 TYPICAL  RESULTS AND POSSIBLE ERRORS  ASSOCIATED  WITH THEM 

Most of  the  results,  presented  in  references 1 and 2, derived  using 
the spark  discharge  sound  source  (under  the  first  two  phases  of  the 
present  contract),  are  considered  to  be  accurate.  The  accuracy  of  some 
of these  results  was  validated  by  suitnhle  comqarisons.  However, a 
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To e s t a b l i s h   w h e t h e r   o r   n o t   t h i s   d i s c r e p a n c y  is  due t o   t h e  
nonl inear   propagat ion of h i g h   i n t e n s i t y   p u l s e ,  similar r e s u l t s  were 
der ived  using  very low in t ens i ty   pu l se   ( abou t  100 dB) and a l s o   u s i n g   t h e  
impedance  tube  technique  where  only low i n t e n s i t y ,   d i s c r e t e   f r e q u e n c y ,  
p re s su re  waves were used   ( re f .  5).  These r e s u l t s   a r e   a l s o   p l o t t e d   i n  
f i g u r e  2.8. The r e f l e c t i o n   c o e f f i c i e n t   a m p l i t u d e   r e s u l t s   d e r i v e d  by t h e  
impulse  technique  using  the low i n t e n s i t y   p u l s e ,  and by t h e  impedance 
tube  method,  and by the  Levine & Schwinger 's   solut ion  agree  very we l l  
w i t h   o n e   a n o t h e r   a t   l e a s t  up t o  kRD = 2.5. The r e f l e c t i o n   c o e f f i c i e n t  
ampl i tudes   der ived   us ing   the   impulse   t echnique   wi th   h igh   in tens i ty   pu lse  
do   no t   agree   wi th   the   resu l t s   ob ta ined  by low i n t e n s i t y   p u l s e .  The 
deviat ion  between  the two can   be   a t t r i bu ted   t o   t he   non l inea r   behav io r  of 
the   h igh   in tens i ty   pu lse .   Therefore ,  a low in tens i ty   impuls ive   source  i s  
des i r ab le   fo r   t he   impu l se   t echn ique .  A t  t h i s   s t a g e  i t  appea r s   t ha t  a 
low in t ens i ty   spa rk   d i scha rge   impu l s ive   sou rce  would serve  the  purpose.  
However, i t  w i l l  be shown i n   t h i s   s e c t i o n   t h a t   s u c h  a source would no t  
be adequate   for   t ransmiss ion   s tudy   in   the   p resence   o f  mean flow. 

To demons t r a t e   fu r the r   t he   e f f ec t  of nonl inear   behavior  of high 
i n t e n s i t y   p u l s e s ,   t h e   r e f l e c t i o n   c o e f f i c i e n t   a m p l i t u d e s   f o r  a s t r a i g h t  
duct and  two conica l   nozz les ,   eva lua ted   us ing  low i n t e n s i t y   p u l s e s ,  are 
compared wi th   t he   co r re spond ing   coe f f i c i en t   ampl i tudes   fo r   h igh  
i n t e n s i t y   p u l s e s   i n   f i g u r e  2.9 ( r e f .  5 ) .  .The r e f l e c t i o n   c o e f f i c i e n t  
ampl i tudes   fo r   t he  low i n t e n s i t y   p u l s e s   a r e   c o n s i d e r a b l y   h i g h e r  compared 
to   t hose   fo r   t he   h igh   i n t ens i ty   pu l se s .   Aga in ,   t hese   s ign i f i can t  
d i f f e rences   occu r   due   t o   non l inea r   p ropaga t ion   e f f ec t s   a s soc ia t ed   w i th  
h igh   i n t ens i ty   pu l se s .  
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2.4.2 Induct   Ref lec t ion  Time H i s t o r i e s  and Ref l ec t ion   Coef f i c i en t  
Spec t ra   for   Nozzles .  

Figure 2.10  shows t h e   e f f e c t  of j e t  Mach number on t h e   r e l a t i v e  
l e v e l s  of t he   i nc iden t  and t h e   r e f l e c t e d  components  of the  in-duct 
s i g n a l   f o r   t h e   d a i s y   l o b e   n o z z l e   ( r e f .   2 ) .   C l e a r l y ,   t h e   r e f l e c t i o n  
from  the  open  end  decreases  with  increasing Mach number. A dramatic  
change i n   t h e  time h i s t o r i e s  i s  not iced  as t h e  j e t  Mach number i s  
increased beyond 0.4. There i s  l i t t l e  s i g n  of r e f l e c t i o n  from  the  open 
end bu t   t ha t  f rom  the   hard   (or   so l id)  p a r t  of the  nozzle   terminat ion 
inc reases   cons ide rab ly   a s   t he  j e t  Mach number inc reases .  A t  MJ = 1.2 
the   i nc iden t  and the   r e f l ec t ed   s igna l s   appea r   t o  be  of  the Same 
amplitude.  The impl i ca t ion  of t h e s e   r e s u l t s  i s  t h a t   i f   t h e r e  was 
cons iderable   in te rna l   no ise   genera ted   ups t ream of the   suppressor   nozz le  
e x i t ,  much of i t  should be r e f l e c t e d  back a t   h i g h e r  Mach numbers. 
S i m i l a r  q u a l i t a t i v e   r e s u l t s  were a l s o   o b t a i n e d   f o r   t h e  6.20 cm diameter  
con ica l   nozz le   ( r e f .   2 ) ,  and t h e s e   a r e  shown i n   f i g u r e  2.11. 

The b e h a v i o r   d e p i c t e d   i n   f i g u r e s  2.10  and  2.11  can be b e t t e r   s e e n  
when t h e   r e s u l t s   a r e   p l o t t e d   i n   t h e  form of r e f l e c t i o n   c o e f f i c i e n t s  as 
shown i n   f i g u r e  2.12. H e r e ,   t h e   r e f l e c t i o n   c o e f f i c i e n t s   f o r   t h e   d a i s y  
lobe  nozzle  (ODL ) f o r   f o u r  j e t  Mach numbers (MJ = 0, 0.4,  0.8 and  1.2) 
a r e   p re sen ted   i n   F igu re  2.12 a s  a func t ion  of 1/3-octave  frequency.  For 
compar ison ,   the   da ta   for   the   re fe rence   conica l   nozz le  ( 0  ) are a l s o  
superimposed i n   t h i s   f i g u r e .  These r e s u l t s   a r e   f u r t h e r   c r o s s - p l o t t e d   i n  
f i g u r e  2.13,  where t h e   r e f l e c t i o n   c o e f f i c i e n t s  a t  var ious   f requencies  
a r e   p l o t t e d  as a func t ion  of the  duct  Mach number a t  the  measurement 
loca t ion .  

C 

A s  t he  j e t  Mach number (and so the  duc t  Mach number) i s  inc reased ,  
t h e   r e f l e c t i o n   c o e f f i c i e n t s   f o r   t h e   c o n i c a l   n o z z l e   d e c r e a s e   w h i l e   t h o s e  
for   the   da isy   lobe   suppressor   nozz le   increase  a t   a l l  f requencies .  A t  
s u p e r s o n i c   j e t  Mach numbers, oDL appears   to   approach 0 dR ( i . e . ,  
comple te   r ig id   t e rmina t ion) .   This  i s  also  observed  from  the time 
h i s t o r y   p l o t   i n   f i g u r e  2.10. I f   a c t u a l l y  a c o m p l e t e   r i g i d   r e f l e c t i o n  i s  
tak ing   p lace ,   then ,  i t  would appea r   t ha t   t he re  w i l l  be no t ransmiss ion  
of acous t i c   ene rgy   ou t   t o   t he   f a r   f i e ld .  However, i t  w i l l  be shown 
l a t e r  on,  both  from f a r   f i e l d  time h i s t o r y  and  from f a r   f i e l d  power 
s p e c t r a ,   t h a t  a cons iderable  amount  of ene rgy   has   i n   f ac t   been  
t ransmi t ted   ou t .  

F u r t h e r ,   t h e   t r e n d s   i n   t h e   v a r i a t i o n  of r e f l e c t i o n   c o e f f i c i e n t   w i t h  
f r e q u e n c y   a r e   e x a c t l y   t h e   o p p o s i t e   f o r   t h e  two nozzles .  "he da isy   lobe  
r e f l ec t ion   coe f f i c i en t s   i nc rease   w i th   f r equency   wh i l e   t hose   fo r   t he  
conica l   nozz le   decrease   wi th   f requency  a t  almost a l l  Mach numbers. It 
w i l l  he shown l a t e r   t h a t   t h i s   b e h a v i o r  i s  i n   c o m p l e t e   c o n t r a d i c t i o n   t o  
t h e   f a r   f i e l d  power measurements. 

The behavior of oDL i s  d i f f i c u l t   t o   e x p l a i n   w i t h o u t   c o n s i d e r a b l e  
t h e o r e t i c a l  and fu r the r   expe r imen ta l  work. This is c e r t a i n l y   r e l a t e d   t o  
the  complicated  geometry  and  the  flow  conditions  encountered by the  
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REFLECTION FROM 
SOFT  PART OF 
NOZZLE  TERMINATION 

HARD PART OF 
NOZZLE  TERMINATION 

I 
( 5 0  mS1 - 

-A 

MJ = 0 . 8  

( 5 0  rnS) 

TIME 

( 5 0  mS) 

F i g u r e  2 - 1 0  I n - d u c t   t i m e   h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e   a t   v a r i o u s   j e t  Mach numbers. 



0 . 6  

0 .8  

1 . 2  

F i g u r e  2.11 i n - d u c t   t i m e   h i s t o r i e s   f o r   t h e  6.20 crn d i a m e t e r   r e f e r e n c e  
c o n i c a l   n o z z l e   a t   v a r i o u s   j e t   M a c h . n u m b e r s   ( u n h e a t e d ) .  
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iAcident  wave i n   t r a v e l l i n g  from  upstream t o   t h e   m u l t i - j e t   e x i t s  and 
back.  For  example,  the  daisy  lobe  nozzle  has a sharp  shoulder   with 
convergence  angle  of 50 degrees  (see f i g .  2.1). The tubes   and   t he   da i sy  
lobes  are  a t t a c h e d   t o   t h i s   s h o u l d e r ,   t h e   i n l e t s  of  which  do no t  a l l  l i e  
i n   t h e  same plane. The tubes  are s t r a i g h t   w h i l e   t h e   l o b e s  are  
convergent and have   d i f fe ren t   wid ths  a t  d i f f e r e n t   r a d i a l   l o c a t i o n s .  The 
e x i t s  of a l l  tubes  l i e  i n   t h e  same plane  (which i s  a l s o   n o r m a l   t o   t h e  
n o z z l e   a x i s )   w h i l e   t h o s e   f o r   t h e   l o b e s  l i e  i n  a conic .   This   a l so  means 
t h a t   f o r  a g iven   ax ia l   l oca t ion   t he   f l ow Mach numbers w i l l  be d i f f e r e n t  
a t  va r ious   r ad ia l   pos i t i ons .   The re fo re ,   t o   de r ive  a more accu ra t e  
r e f l e c t i o n   c o e f f i c i e n t ,  measurements a t  v a r i o u s   r a d i a l   l o c a t i o n s  may be 
necessary.  

2.4.3 Far-Field T i m e  H i s t o r i e s  

Typ ica l   f a r - f i e ld  time h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e  and t h e  
re ference   conica l   nozz le  a re  shown i n   f i g u r e s  2.14 and  2.15, 
r e spec t ive ly   ( r e f .   2 ) .   na t a   fo r   ze ro ,   subson ic  (MJ = 0.6)  and 
supersonic  (MJ = 1.2) je t  Mach numbers are shown a t  8 = 30°,  60°, 9O0and 
120'. The time h i s t o r i e s  shown here  have  f ixed time scale  but  have 
a r b i t r a r y   a m p l i t u d e   s c a l e .  The pulses  shown i n   t h e s e   f i g u r e s   g e t  
contaminated  with j e t  mixing  noise   with  increasing Mach number. This 
contaminat ion   a l so  seems t o  be worse f o r   l a r g e r   p o l a r   a n g l e s .   I n   f a c t  
f o r  Mach numher 1 .2 ,   t he   f a r - f i e ld   pu l se s  are  comple te ly   bur ied   in   the  
j e t  mixing and shock   a s soc ia t ed   no i se   a t   l a rge r   po la r   ang le s .   The re fo re ,  
i t  is not   poss ib le   to   ge t   any   in format ion  on t he   pu l se s  a t  these   angles .  
This  problem,  however,  can  be overcome i f  a s igna l   averaging   process  
can be incorporated by genera t ing   the   inc ident   pu lse   f rom  the   source  
repeatedly.   This  is poss ib le   i f   an   acous t ic   d r iver   can   be   used   ins tead  
of   the  spark  discharge as the  source.  

2.4.4 Far-Field Power 

Figure 2.16 shows the  comparison of f a r - f i e l d   a c o u s t i c  power 
spectra ,   normalized  with  respect   to   the  incident  power s p e c t r a ,   f o r   t h e  
d a i s y   l o b e  and the   r e f e rence   con ica l   nozz le s   fo r  Mach numbers  of 0 ,  0.4, 
0.6 and 0.8 ( r e f .  2 ) .  For  almost a l l  f l ow  cond i t ions   t he   r e su l t s  show 
l i t t l e  d i f f e r e n c e   i n   t h e   r a d i a t e d   a c o u s t i c  power l e v e l s   f o r   t h e  two 
nozz les .   This   observa t ion   does   no t   agree   wi th   the   re f lec t ion   coef f ic ien t  
r e s u l t s   ( s e e   f i g u r e s  2.12 and  2.13)  where t h e   r e f l e c t i o n   c o e f f i c i e n t  
spec t r a   fo r   t he   da i sy   l obe   nozz le  were h igher  compared t o   t h o s e   f o r   t h e  
conical   nozzle .  Based  on t h e   e a r l i e r   r e s u l t s ,   t h e   f a r - f i e l d  power f o r  
the  daisy  lobe  nozzle   should  have  been much lower compared t o   t h a t   f o r  
the   re fe rence   conica l   nozz le .  

This   cont rad i t ion   fur ther   impl ies   s ing le-poin t   induct   measurements  
may have   been   inadequate   to   ob ta in   the   re f lec t ion   cor rec t ly .  

A similar conclusion  can  a lso  be made from f i g u r e  2.17 where  the 
f a r - f i e l d   s p e c t r a   f o r   t h e   d a i s y   l o b e   n o z z l e  and t h e   r e f e r e n c e   c o n i c a l  
n o z z l e   a r e   p l o t t e d   f o r   v a r i o u s  j e t  Mach numbers ( r e f .   2 ) .  Data f o r   t h e  
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F i g u r e  2.17 E f f e c t   o f   j e t  Mach  number  on f a r - f i e l d   a c o u s t i c  
power s p e c t r a   f o r   ( a )   c o n i c a l   n o z z l e   a n d  ( b )  
t h e   d a i s y   l o b e   n o z z l e .  
L e g e n d   f o r  MJ: , 0.0; 0 ,  0.4; A ,0.6; + , 0.8; 

0 , 1.2 
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c o n i c a l   n o z z l e   ( f i g u r e  2.17 ( a ) )   c l e a r l y   i n d i c a t e   t h a t  more  and  more  of 
t h e  low frequency  incident   energy i s  r a d i a t e d   t o   t h e   f a r - f i e l d  as t h e  
j e t  Mach number i s  inc reased ,   w i th   oppos i t e   e f f ec t  a t  high  f requencies .  - 
Acoust ic   powers   for   the  daisy  lobe  nozzle   ( f igure  2 .17(b)) ,   however ,  
f i r s t   d e c r e a s e  and then s ta r t  inc reas ing   w i th   i nc reas ing  j e t  Mach 
numher. Th i s   behav io r   ce r t a in ly   does   no t   co r re l a t e   w i th   t he   r e f l ec t ion  
coe f f i c i en t   da t a ,   where ,   w i th   i nc reas ing  je t  Mach number, h ighe r  
r e f l e c t i o n   c o e f f i c i e n t s  were ob ta ined   fo r   t he   da i sy   l obe   nozz le ,   t hus  
implying a r e d u c t i o n   i n   f a r - f i e l d   a c o u s t i c  power wi th   i nc reas ing  Mach 
number. 

2.4.5 Power Balance 

The f a r - f i e l d  power normal ized   to   the   t ransmi t ted  power f o r   t h e  
daisy  lobe  nozzle   and  the  reference  conical   nozzle   are  compared i n  
f i g u r e  2.18 a t   v a r i o u s  j e t  Mach numbers ( r e f .  2 ) .  A cons ide rab le  amount 
of low frequency power l o s s  i s  obse rved   fo r   bo th   t he   nozz le s   a t  a l l  Mach 
numbers, i nc lud ing  P i J  = 0 f o r  which a power balance was expected. 
Yowever, t h e   n o n l i n e a r   e f f e c t  of t h e   h i g h   i n t e n s i t y   p u l s e s ,   u s e d   i n  
t h i s   s t u d y ,  i s  r e spons ib l e   fo r   such  a high amount  of  low frequency power 
absorpt ion.  

2.4.6 Time H i s t o r i e s  Due to   Mult i -Point   Source  in   Annular   Region  for  
the  Multi-Chute  Suppressor 

A s  desc r ibed   i n   s ec t ion  2.2.2 t h e   s o u r c e   s e c t i o n   f o r   t h e  
dual-stream  multi-chute  nozzle was d i f f e r e n t  f rom  tha t   used   for   the  
s ingle-s t ream  daisy  lobe  nozzle .  First ,  in s t ead  of a s ing le   spa rk   p lug ,  
s ix   spa rk   p lugs   w i th   t he i r   gaps   l oca t ed  a t  t h e   f o c i  of pa rabo lo ida l  
r e f l e c t o r s  were used as the  impulsive  sound  source,  and were equi-spaced 
c i r cumfe ren t i a l ly   w i th in   t he   annu la r  plenum  chamber  upstream  of  the 
nozz le   ex i t .   Second,   the   source   sec t ion  was loca ted  only  7 4  cm upstream 
of t h e   e x i t   i n s t e a d  of 6 m a s   f o r   t h e   d a i s y   l o b e   n o z z l e .   F o r   t h e s e  
reasons,   both  the  in-duct  and t h e   f a r - f i e l d  time h i s t o r i e s   f o r   t h e  
mult i -chute   coaxial   nozzle ,  shown i n   f i g u r e s  2.19 and 2.20,  have 
d i f€e ren t   shapes  compared wi th   t hose   fo r   t he   da i sy   l obe   suppres so r  
nozzle  tested i n  a d i f f e r e n t   f a c i l i t y   ( r e f .  2 ) .  For  example,  the 
i n c i d e n t  wave, i n s t ead  of being a s i n g l e   p u l s e ,  now c o n s i s t s  of f o u r  
sharp  pulses   fol lowed by o t h e r   f l u c t u a t i o n s  of  lower  amplitude. The 
r e f l e c t e d   s i g n a l ,  however, i s  not   def ined w e l l  enough  due t o   t h e  complex 
shape of t h e   i n c i d e n t   s i g n a l .   S i m i l a r   t o   t h e   i n - d u c t   s i g n a l ,   t h e  
f a r - f i e l d   s i g n a l  a l s o  has   mul t ip le   pu lses .  Due t o   t h e  complex  shape of 
t he   i nduc t  and f a r - f i e l d   s i g n a l s ,  i t  was d i f f i c u l t   t o   a c c u r a t e l y   c a r r y  
o u t   t h e   e d i t i n g   p r o c e s s   n e c e s s a r y   t o   i s o l a t e   t h e   i n c i d e n t ,   t h e   r e f l e c t e d  
and the   f a r - f i e ld   s igna l s .   The re fo re ,  i t  i s  d e s i r a b l e   t o   g e n e r a t e  a 
s ing le   sha rp   pu l se   a t   t he   i nduc t  measurement loca t ion .   This   can  be 
f e a s i b l e  by u s i n g   a c o u s t i c   d r i v e r s  as t h e  sound sources  and applying a 
s i g n a l   s y n t h e s i s  which  would c o n t r o l   t h e  combined output  of t h e   d r i v e r s .  
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Figure 2.18 Ef fect   o f   nozz le geometry  on f a r - f i e l d   a c o u s t i c  power normalized w . r . t .  
t ransmi t ted  power MJ:  (a) 0.0, (b) 0.4, (c)  0.6 and (d) 0.8 
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F i g u r e  2.20 P r e s s u r e   t i m e   h i s t o r i e s   f o r   t h e   m u l t i - c h u t e  
s u p p r e s s o r   n o z z l e   a t  M J ~  =0.4 and M ~ 2 = 0 . 6  
(unheated)  
( a )   I n - d u c t ,  (b)  8 =  loo, ( c )  8 = 3 0 ° ,  (d)  8 = 5 0 °  
( e )  €)=goo and ( f )  8 =  120° 
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2.5 CONCLUSIONS 

The fol lowing  conclusions  can  be  drawn  f rom  the  resul ts   presented 
i n   t h i s   s e c t i o n .  

(1) The n o n l i n e a r i t y   a s s o c i a t e d   w i t h   t h e   h i g h   i n t e n s i t y   p u l s e s  
used i n   t h e s e   s t u d i e s   g i v e s   e r r o n e o u s   r e f l e c t i o n   c o e f f i c i e n t s  (see 
f i g u r e s  2.8 and  2.9). Also a cons ide rab le  amount  of  low frequency power 
lo s s   occu r s  due t o   n o n l i n e a r   p r o p a g a t i o n  of h i g h   i n t e n s i t y   p u l s e s .  

( 2 )  The contaminat ion  of   the  pulses   with je t  m i x i n g   n o i s e   e i t h e r  
g i v e s   e r r o n e o u s   r e s u l t s   o r  makes i t  i m p o s s i b l e   t o   i d e n t i f y   t h e   i n t e r n a l  
s i g n a l  . 

( 3 )  The incons i s t enc ie s   be tween   t he   r e f l ec t ion   r e su l t s   and   t he  
f a r - f i e l d  power r e s u l t s   i n d i c a t e   t h a t  a s ingle   po in t   induct   measurement  
may no t   be   adequa te   t o   accoun t   fo r   t he   r e f l ec t ed   sound   f i e ld ,   e spec ia l ly  
for   compl ica ted   t e rmina t ions .  

( 4 )  Since   t he re  is  no   con t ro l   on   t he   pu l se   shape ,   fo r   mu l t i -po in t  
source  system i t  i s  d i f f i c u l t   t o   g e n e r a t e  a s i n g l e   p u l s e   u s i n g   s p a r k  
d ischarge   sources .  

The above   conclus ions   c lear ly   pu t  some s e v e r e   l i m i t a t i o n s   o n   t h e  
use of the   spark   d i scharge   impuls ive   source   for   t ransmiss ion   s tud ies .  
Therefore ,  i t  i s  d e s i r a b l e   t o   d e v e l o p   a n   a l t e r n a t e   i m p u l s i v e   s o u r c e  
which  overcomes  the  l imitat ions  descr ibed  above  and  which  can  be  used 
u n i v e r s a l l y .  The  work conducted i n  Phase 3 of t h i s   c o n t r a c t ,  and  which 
i s  desc r ibed   i n   t he   r ema inde r  of t h i s   r e p o r t ,   c l e a r l y   e s t a b l i s h e s   t h a t  
a c o u s t i c   d r i v e r s   c a n  be u s e d   f o r   t h i s   p u r p o s e   t o  meet a l l  t h e  
requirements.  
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3.0 EXPERIMENTAL  SETUP 

The a c o u s t i c   m e a s u r e m e n t s   f o r   t h e   p r e s e n t   i n v e s t i g a t i o n  were 
c a r r i e d   o u t   i n   t h e   L o c k h e e d   a n e c h o i c   f r e e  j e t  f a c i l i t y .   T h i s   f a c i l i t y  
i s  powered  by a jet  e j e c t o r   a n d  i s  c a p a b l e  of p r o v i d i n g   f r e e - j e t  
v e l o c i t i e s  of  up t o  95 m / s  t h rough  a 71 cm e x i t  d i a m e t e r   f r e e  j e t  t es t  
s e c t i o n   t o   s i m u l a t e   f l i g h t   e f f e c t s .  The e x h a u s t  a i r  t o   t h e   d u c t - n o z z l e  
sys tem is s u p p l i e d  by a 10 c m  d i a m e t e r   d u c t   l o c a t e d   a l o n g   t h e   c e n t e r l i n e  
o f   t h e   f r e e  jet. T h i s   a c o u s t i c  tes t  f a c i l i t y  was m o d i f i e d   t o   a n   a n n u l a r  
f a c i l i t y   t o   c a r r y   o u t   t h e   s t u d i e s   f o r   a n   a n n u l a r   f l o w  stream. 

A b r i e f   d e s c r i p t i o n  of t h e   f a c i l i t i e s  i s  g i v e n   i n   t h i s   s e c t i o n ,   a n d  
i n c l u d e s   b o t h   t h e   s i n g l e - s t r e a m   a n d   t h e   a n n u l a r - s t r e a m   f l o w   s y s t e m s .  The 
l a y o u t  of t h e   s o u r c e   s e c t i o n   t o   g e n e r a t e   t h e   a c o u s t i c   p u l s e s   u s i n g  
l o u d s p e a k e r   d r i v e r s  (i.e.,  e l e c t r o a c o u s t i c   d r i v e r s )  i s  a l s o   p r e s e n t e d .  
F i n a l l y ,   t h e   g e n e r a l   p r o c e d u r e   f o r   d a t a   a c q u i s i t i o n   a n d   d a t a   a n a l y s i s ,  
i n c l u d i n g   f a c i l i t y   i n s t r u m e n t a t i o n ,   m i c r o p h o n e   c a l i b r a t i o n s ,   a n d  
d e f i n i t i o n  o f   v a r i o u s   t r a n s m i s s i o n   p a r a m e t e r s ,  are d e s c r i b e d .  

3.1 SINGLE STREAM FLOW FACILITY 

T h e   s o u r c e   s e c t i o n   a n d   t h e   i n d u c t   a n d   t h e   f a r - f i e l d   a c o u s t i c  
m e a s u r e m e n t   s y s t e m s   f o r   t h e   s i n g l e - s t r e a m   f l o w   s y s t e m  are shown i n   f i g u r e  
3.1. The f i g u r e  shows a s i n g l e   e l e c t r o a c o u s t i c   d r i v e r   n o i s e   s o u r c e  
l o c a t e d   a b o u t  6 meters f rom  the   duc t   t e rmina t ion ,   wh ich  i s  surrounded  by 
a n   a n e c h o i c  room. A photographic   v iew of t h e   s i n g l e   d r i v e r   s o u r c e  
s e c t i o n  is shown i n   f i g u r e  3.2. F o r   s e v e r e   f l o w   c o n d i t i o n s   m u l t i p l e  
d r i v e r s  were used i n  t h e   s o u r c e   s e c t i o n   t o   g e n e r a t e  more i n t e n s e   a c o u s t i c  
p u l s e s .  The s o u r c e   s e c t i o n   i n   f i g u r e  3.3 shows t h e   l a y o u t  of a 
m u l t i p l e   d r i v e r   s o u r c e   s y s t e m   s e c t i o n   w h e r e   f o u r  100 watt a c o u s t i c   d r i v e r s   a r e  
a r r a n g e d   a r o u n d   t h e   c i r c u m f e r e n c e  of t h e  10 c m  d i a m e t e r   d u c t   c o n n e c t i n g  
t h e   t e s t   n o z z l e s .  This s o u r c e   s e c t i o n  was p h y s i c a l l y   l o c a t e d  a t  t h e  same 
p o s i t i o n   i n   t h e   s u p p l y   d u c t   w h e r e   t h e   s i n g l e   d r i v e r   s o u r c e   s e c t i o n  w a s  
l o c a t e d .  

A microphone  probe was mounted   th rough  the   duc t  wall 76.5 c m  
ups t r eam of t h e   t e r m i n a t i o n .   T h i s   p r o b e   c o u l d   b e  a s i n g l e   m i c r o p h o n e   o r  
p i e z o e l e c t r i c   t r a n s d u c e r   o r  a m u l t i p l e   p o i n t   m e a s u r i n g   p r o b e .  While a 
s i n g l e   m i c r o p h o n e   o r   t r a n s d u c e r   m e a s u r e s   t h e   i n d u c t   a c o u s t i c   f i e l d  a t  
o n e   r a d i a l   l o c a t i o n ,   t h e   m u l t i p l e   p o i n t   m e a s u r i n g   p r o b e   c a n  
s i m u l t a n e o u s l y   m e a s u r e   t h e   i n d u c t   a c o u s t i c   f i e l d  a t  v a r i o u s   r a d i a l  
l o c a t i o n s .  

F o r   t h e   p r e l i m i n a r y   i n v e s t i g a t i o n   t o   i m p r o v e   t h e   i m p u l s e  t es t  
t e c h n i q u e ,  a s i n g l e   p i e z o e l e c t r i c   t r a n s d u c e r  was f l u s h  mounted  through 
t h e   d u c t  wal l  f o r   i n d u c t   m e a s u r e m e n t s .   H o w e v e r ,   t o   m e a s u r e   t h e   r a d i a l  
v a r i a t i o n  of t h e   i n d u c t   p r e s s u r e   f i e l d ,  two d i f f e r e n t   t r a v e r s e   s y s t e m s  
were f a b r i c a t e d .   F i n a l l y ,   f o r   t h e   n o z z l e   t r a n s m i s s i o n   s t u d y ,  a s i x - p o i n t  
p robe  w a s  f a b r i c a t e d .  The d e t a i l s  of t h e s e   p r o b e s  are d e s c r i b e d   i n   t h e  
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F i g u r e  3 . 1  Schematic  showing  the  source  section  and  the  induct  and 
f a r - f i e l d   a c o u s t i c  measurement  system. 



F igu re  3 .2  Photograph ic   v iew of an a c o u s t i c   l o u d s p e a k e r   d r i v e r  
mounted  on t h e   s o u r c e   s e c t i o n   f o r  a s i n g l e   s t r e a m  
f l ow   duc t .  
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F i g u r e  3 .3  S o u r c e   s e c t i o n   w i t h   f o u r   a c o u s t i c   l o u d s p e a k e r   d r i v e r s  for 
s i n g l e   s t r e a m   o r   a n n u l a r   f l o w   d u c t   s y s t e m  
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a p p r o p r i a t e   s e c t i o n s  of t h i s   r e p o r t .  

I n   a d d i t i o n   t o  the 10 c m  d i a m e t e r  s t r a i g h t   d u c t   t e r m i n a t i o n ,  a 
c o n i c a l   n o z z l e   t e r m i n a t i o n   w i t h  6.2 cm e x i t   d i a m e t e r   a n d  a m u l t i - l o b e  
m u l t i - t u b e   s u p p r e s s o r   w i t h   e q u i v a l e n t  ex i t  d iameter   o f   6 .2  c m  cou ld   be  
f i t t e d   t o   t h e  10 c m  d i a m e t e r   f l o w   d u c t .  A p h o t o g r a p h i c  view of   t he  
s u p p r e s s o r   n o z z l e   m o u n t e d   i n   t h e   f l i g h t   s i m u l a t i o n   f a c i l i t y  i s  shown i n  
f i g u r e  3.4. 

Fa r - f i e ld   mic rophones  were p l a c e d  (see f i g u r e  3.1) a t  1 0   d e g r e e  
i n t e r v a l s  on a p o l a r  arc of  2.44 meter r a d i u s ,   e x t e n d i n g   f r o m  0 t o   1 2 0  
d e g r e e s   w i t h   r e s p e c t   t o   t h e  je t  axis. 

3.2 ANNULAR FLOW FACILITY 

The a c o u s t i c  t es t  f a c i l i t y   f o r   t h e   s i n g l e - s t r e a m   f l o w  tests ( i . e . ,  
f o r   t h e   s i n g l e   n o z z l e   t e s t s )  w a s  m o d i f i e d   t o   a n   a n n u l a r   f a c i l i t y   ( s e e  
f i g m e  3.5)  by i n s t a l l i n g - a   1 0 . 3  m l o n g ,  3.34 cm O.D. i n n e r   d u c t  a t  t h e  
c e n t e r  of t h e   o u t e r  10.16 c m  I . D .  a i r  s u p p l y   d u c t .  The  upstream  end  of 
t h e   i n n e r   d u c t  w a s  b l o c k e d   w i t h  a s u i t a b l y   d e s i g n e d   f a i r i n g   t o   m i n i m i z e  
f l o w   s e p a r a t i o n .  The i n n e r   d u c t  was s u p p o r t e d  a t  f o u r   a x i a l   p o s i t i o n s .  
Each a x i a l   s u p p o r t   c o n s i s t e d   o f   t h r e e  3.43 c m  l o n g   a i r f o i l - s h a p e d  
s t r u t s ,   p l a c e d   i n   t h e   a n n u l a r   c r o s s - s e c t i o n  a t  120Oin te rva l s .   Three  
f i n e   r o d s ,   t h r e a d e d  a t  one  end,  were p r o v i d e d   a t   3 6  c m  u p s t r e a m   o f   t h e  
t e r m i n a t i o n   f o r   f i n e r   a d j u s t m e n t  of t h e   c o n c e n t r i c i t y   o f   t h e  two  duc ts .  
The f a c i l i t y  was d e s i g n e d   s u c h   t h a t   t h e   6 . 2  c m  d i a m e t e r   c o n i c a l   n o z z l e  
c o u l d   a l s o   b e   u s e d .  

The i n n e r   d u c t  was b locked  a t  i t s  f a i r e d   u p s t r e a m   e n d .   T h e r e f o r e ,  
t h e r e  w a s  no f l o w   i n   t h e   i n n e r   d u c t   d u r i n g   t h e   e x p e r i m e n t a t i o n .  The 
f a i r e d   e n d  of t h e   i n n e r   d u c t  was p l a c e d  a t  about  3.6 m u p s t r e a m   o f   t h e  
s o u r c e   s e c t i o n   t o   e l i m i n a t e   a n y   p o s s i b l e   i n t e r f e r e n c e   o f   t h e   r e f l e c t i o n s  
f rom  tha t   end .  

The s o u r c e   s e c t i o n ,  shown i n   f i g u r e   3 . 3 ,   c o n s i s t e d   o f   f o u r   1 0 0  watt 
e l e c t r o - a c o u s t i c   d r i v e r s   a r r a n g e d   a r o u n d   t h e   c i r c u m f e r e n c e  of t h e   o u t e r  
d u c t   c o n n e c t i n g   t h e  tes t  n o z z l e s .   T h i s   s o u r c e   s e c t i o n  was p h y s i c a l l y  
l o c a t e d  a t  t h e  same p o s i t i o n   i n   t h e   s u p p l y   d u c t   w h e r e   t h e   s i n g l e   d r i v e r  
s o u r c e  was o r i g i n a l l y   l o c a t e d .  The o u t p u t  of e a c h   d r i v e r  w a s  f e d   i n t o  
t h e   a n n u l a r   s e c t i o n   t h r o u g h  a t u b e   c o n n e c t i n g   t h e   d r i v e r   a n d   t h e   o u t e r  
d u c t  . 

A spec ia l   s ix -mic rophone   p robe  w a s  f a b r i c a t e d   f o r   i n d u c t  
m e a s u r e m e n t s .   I n   t h i s   p r o b e  (see f i g u r e   3 . 6 ) ,   s i x   m i n i a t u r e   K n o w l e s  
microphones were used .   The   length  of t h e   p r o b e   w h i c h   r e m a i n s   i n s i d e   t h e  
a n n u l a r   c r o s s - s e c t i o n  was about   3 .25 cm.  T h i s  w a s  c o v e r i n g   t h e   e n t i r e  
w i d t h   o f   t h e   a n n u l a r   c r o s s - s e c t i o n   w i t h  s ix  r a d i a l   m e a s u r e m e n t   l o c a t i o n s  
0.65 c m  a p a r t .  The  microphones were p l a c e d   i n s i d e  a s u p p o r t i n g   t u b e  
w h i c h   r e m a i n e d   o u t s i d e   t h e   a n n u l a r   s e c t i o n   d u r i n g   m e a s u r e m e n t s .  The 
i n d i v i d u a l   m i c r o p h o n e s  were c o n n e c t e d   t o   t h i n   ( a b o u t  0.16 cm) s t a i n l e s s  
s tee l  t u b e s   a n d   t h e s e   t u b e s ,   w i t h   m i n i a t u r e   n o s e   c o n e s  a t  t h e   s e n s i n g  
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Figure 3.4 A photographic view of the 12-1obe,  24-tube  nozzle  suppressor 
mounted in the flight simulation  facility. 
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(a)  Annular  Straight Duct 
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(b) Annular Duct with  Nozzle 

Figure 3 . 5  Modi f ied  annular   fac i l i ty  



Figure 3.6 Six-microphone probe for simultaneous radial measurement. 
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ends,  were te rmina ted   ins ide   the   annular   sec t ion  a t  the  measurement 
loca t ions   ( i . e . ,   about  76 cm upstream of the   t e rmina t ion) .  The l eng ths  
of these   tubes  were kep t   cons t an t   t o   min imize   t he   phase   d i f f e rences   i n  
t he  measured  data. A l l  s i x   t u b e s  were bent by 90° t o   f a c e   t h e   d i r e c t i o n  
of t he   f l ow  in s ide   t he   annu la r   s ec t ion .  The r a d i a l  measurements f o r  a 
g iven   az imutha l   angle ,   therefore ,  were achieved  simultaneously  without 
t r a v e r s i n g  a s i n g l e  microphone.  Moreover, a l l  t he  s i x  measurements were 
obta ined   exac t ly  a t  t h e  same flow  condition  which  would  not  be  feasible 
i f  a s i n g l e  microphone had been  used  to  acquire  these  data.  
Measurements a t  d i f f e r e n t   a z i m u t h a l   p o s i t i o n s  were obtained by r o t a t i n g  
the   ou te r   t ube  a t  a loca t ion   j u s t   ups t r eam of the  induct  measurement 
loca t ion ,   keeping   the   inner   duc t   f ixed .   In   the   p resent   inves t iga t ion  
s ix   az imutha l   pos i t i ons  were covered a t  60° i n t e r v a l s .  

The f a r   f i e l d  measurements were made by  1.27 cm (1 /2   inch)  
diameter  R&K microphones mounted  on a 2.44 m rad ius   po lar   a rc ,   be tween  
the  je t  a x i s  and  120° t o   t h e   j e t   a x i s  a t  10' i n t e r v a l s  (see f i g u r e  3.7). 

3.3 DATA A C Q U I S I T I O N  AND ANALYSIS 

3.3.1  Experimental  Procedure 

The bas i c   t e s t   p rocedure   cons i s t ed  of genera t ing  a repea ted   pu lse  
t r a i n  from a s i n g l e   o r   m u l t i p l e   a c o u s t i c   d r i v e r   s y s t e m  a t  the   des i r ed  
operating  f low  conditions,   and  simultaneously  recording  the  signals,  
both  in-duct and f a r - f i e l d ,  on a 28-channel tape recorder.  Subsequent 
a n a l y s i s  of the  data  recorded  from  each  microphone  channel was achieved 
on a dual-channel FFT analyzer .  The multipoint  induct  measurements were 
analyzed  to   determine  the complex p res su re   spec t r a   fo r   i nc iden t  and 
r e f l e c t e d   f i e l d s   a t   e a c h  spa t i a l  l oca t ion .  The far-field  measurements 
were   ana lyzed   to   de te rmine   the   sound  pressure   l eve l   (ampl i tude)   spec t ra  
a t  each  polar  angle.   These  data  were  used  to  evaluate a l l   t h e   a c o u s t i c  
t ransmission  parameters .  

3.3.2 Ca l ib ra t ion  of In-duct  and  Far-field  Microphones 

In   o rder   to   ob ta in   an   absolu te   measure  of the  sound  pressure  level  
and the  phase  relationship  between  the  microphones of t he   mu l t ipo in t  
in-duct  probe, i t  was e s s e n t i a l   t o   a c c o u n t   f o r   t h e   f r e q u e n c y   r e s p o n s e  of 
each  microphone.  This was accomplished hy mounting a re ference  
microphone, whose frequency  response was known, next   to   each  of t h e  
far-field  microphones  (one a t  a t ime)   and   a l so   the   induct   p robe   ( s ing le  
o r   mu l t ipo in t ) ,  and  measuring  the  response  to  white  noise  generated by 
a n   a c o u s t i c   d r i v e r  mounted a t  a l o c a t i o n   d i r e c t l y   i n   f r o n t  of t h e  
r e fe rence  and the   ca l ib ra t ing   mic rophones .   S ince   t he   s igna l   r eco rded  bdy 
t h e   c a l i b r a t i n g  microphone  and the  reference  microphone were t h e  same, a 
t ransfer   func t ion   be tweeen   the  two was used   t o   de r ive   t he   ca l ib ra t ion  
for   the  microphone.   For   the  mult ipoint   induct   probe,   the   s imultaneous ' ly  
recorded d a t a  by each  microphone were used to   de r ive   t he   ampl i tude  and. 
phase   ca l ib ra t ion   €o r   t he   p robe .  The cal ibrat ion  €or   each  microphone 
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a c o u s t i c  measurement  system  for   an  annular  duct /nozzle  arrangement.  



thus  obtained  was  incorporated  as  a  frequency  response  correction in the 
data  reduction  procedure. 

3 . 3 . 3  Presentation  of  Transmission Data. 

Three  basic  parameters  of  interest  were  calculated  from  the 
measurements  made  in  the  far-field  and  inside  the  duct.  These  were  the 
Reflection  Coefficient (a), the  Normalized  Transfer  Function  or 
Coefficient (NTF or NTC),  and  the Power  Transfer  Function (PTF). 
Expressions  for  these  parameters  for  the  plane  wave  mode  are  given 
be  low : 

2 
'r 

Pi 
Reflection  Coefficient, a =  10  LOG10 (1) dB ( 3 . 1 )  

incident  Power, W. = - AD Ipf(1 + M,I21 ' OD'D 

AD 
P ~ C ~  

Reflected  Power, Wr = - [P:(1 - M,I21 

AD Transmitted  Power, W = -- [p? ( 1  + MD) 2 
t PDcD .I 

Far-field  Power, W = - 1 1 p2f(e)  As(8)  
poco 

If  a  point  source  of  power  equal  to W is  assumed  to  be  radiating  in  the 
far-field  from  the  nozzle  exit,  the  intensity  at  the  measurement  location 
at  a  distance R from  the  nozzle  exit  due  to  this  source  will  be 

I P = Wi/4.rrRm2 ( 3 . 6 )  

The  measured  far-field  intensity  is  given by 

p: ( 0 )  
If(e) = - ( 3 . 7 )  

The  Normalized  Transmission  Coefficient  or  Normalized  Transfer 
Function  is  simply  the  ratio  of I f ( e )  and Ip and  can  be  expressed  in  the 
follow in^ form: 

Using  equation ( 3 . 2 )  and  the  equation  of  state,  the  above  expression  can 
be  rewritten  as  follows: 
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Normalized  Transfer  Function. 

Using equat ions ( 3 . 3 )  through ( 3 . 5 )  t h e  Power Transfer   Funct ion (PTF) 
can be expressed  as   fol lows:  

Power Transfer   Funct ion  with  Respect   to   Incident  Power, 

PTFi = 10 LOGlO ( W f / W i ) ,  dB 

Power Transfer  Function  with  Respect  to  Transmitted Power, 

(3.10) 

( 3 . 1 1 )  

When multipoint  induct  measurements  are made for   the   purpose  of 
evaluat ing  the  induct  power ( i . e .   i nc iden t ,   r e f l ec t ed  and t r ansmi t t ed )  
more accu ra t e ly  by account ing   for   the   cont r ibu t ions  of h ighe r   o rde r  
modes, the  expressions  €or   induct  powers a r e   d i f f e r e n t .  The proper 
expr2ssions  are  derived and p resen ted   i n   s ec t ion  5. The modal 
r e f l e c t i o n   c o e f f i c i e n t s  and the   ove ra l l   r e f l ec t ion   coe f f i c i en t s   fo r   such  
cases   a r e   a l so   d i scussed  i n  s e c t i o n  5. However, t he   expres s ion   fo r   t he  
f a r - f i e l d  power (equat ion ( 3 . 5 ) )  remains  the same whether  the  induct 
powers are   es t imated  using  equat ions ( 3 . 2 )  through ( 3 . 4 )  €or   the  plane 
wave  mode o r   t he   exp res s ions   de r ived   i n   s ec t ion  5 .  
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4.0 ACOUSTIC  IMPULSE TECHNIQUE IMPROVEMENT 

Dur ing   the   pas t   four   years ,   ex tens ive   exper imenta l   research   on   the  
transmission  of sound  through  nozzles  has  been  conducted a t  Lockheed 
us ing  an acous t i c   impu l se   t echn ique .   In   t h i s   t echn ique ,   pu l se s  
generated hy h igh   vo l tage   spark   d i scharge  were u s e d   a s   t h e   i n t e r n a l  
sound  sources. The main  problems  associated  with  the  spark  discharge 
impulse  technique are  ( 1 )  low s i g n a l - t o - n o i s e   r a t i o   a t   h i g h  je t  
v e l o c i t i e s ,  and ( 2 )  n o n l i n e a r   c h a r a c t e r i s t i c s  of the h i g h   i n t e n s i t y  
spark   pu lses  

The spark  discharge  impulse  technique w a s  based on a s i n g l e   p u l s e  
a n a l y s i s  scheme. Therefore ,   the   presence of flow  noise,   superimposed  as 
a background on the   impulse  received by the  microphones,   inevitably 
produces  spectral   contaminat ion.  This condi t ion becomes aggrava ted   a t  
h igh   f low  ve loc i t ies .  The t r a d i t i o n a l   s o l u t i o n   t o   t h i s  problem i s  t o  
use   the   t echnique  of s igna l   averaging .   I f  a s u f f i c i e n t  number of 
i nd iv idua l   r eco rds   a r e   ave raged ,   t he   s tochas t i c   con t r ibu t ion  is averaged 
t o   z e r o  so  tha t   t he   pu l se   t ime-h i s to ry  i s  r e c o v e r e d .   I m p l i c i t   i n   t h i s  
technique i s  the   a s sumpt ion   t ha t   t he   pu l se  waveforms  from  sample t o  
sample are i d e n t i c a l .  However, i t  i s  v e r y   d i f f i c u l t   t o   g e n e r a t e  
ident ica l   pu lses   us ing   the   spark   d i scharge ,   because   the   d i scharge  
i n t e n s i t y   v a r i e s  from  one  spark  to  another.  Moreover,  the rate of pu l se  
gene ra t ion  i s  very much l imi t ed   w i th   r e spec t   t o  time. 

These  problems are e l imina ted  by the   u se  of a n   a c o u s t i c   d r i v e r  
i n s t ead  of  a spa rk   d i scha rge   sou rce   t o   gene ra t e   t he   pu l se s .   A l so ,   t he  
n o n l i n e a r i t i e s   a s s o c i a t e d   w i t h   h i g h   i n t e n s i t y   p u l s e s ,   g e n e r a t e d   f o r   t h e  
purpose of increas ing   the   s igna l - to-noise   ra t io ,   can  be  avoided by using 
r e p e t i t i v e  low i n t e n s i t y   p u l s e s  f rom  an   acous t i c   d r ive r .   I n   t h i s  case 
the   s igna l - to -no i se   r a t io  i s  increased by s igna l   averaging .  To generate  
a s ing le   pu l se  of des i red   f requency   conten t ,  a convolut ion  technique  can 
be  used to   syn thes i ze   t he   acous t i c   impu l se .  

The va r ious   t echn iques   s tud ied   t o  improve the   acous t ic   impulse  
t e c h n i q u e   a r e   d e s c r i b e d   i n   t h i s   s e c t i o n .  The process  of s i g n a l  
s y n t h e s i s   t o   g e n e r a t e  a des i r ed   s ing le   pu l se  from loudspeake r   d r ive r ( s )  
and t h e  method of s ignal   averaging  to   minimize  the  background  noise   are  
d e s c r i b e d   i n   s e c t i o n s  4.1 and 4 . 2 ,  r e s p e c t i v e l y .   I n   a d d i t i o n ,   t h e  
method of s i g n a l   e d i t i n g   t o  remove unwanted po r t ions  of a time-domain 
s i g n a l  and the  method of s p e c t r a l   a v e r a g i n g   t o  improve t h e   s t a t i s t i c a l  
accuracy of t h e   s p e c t r a l   r e s u l t s   a r e   d e s c r i b e d   i n   s e c t i o n s  4.3 and 4.4,  
r e spec t ive ly .  A numerical  smoothing  procedure i s  i l l u s t r a t e d   i n   s e c t i o n  
4.5 t o   ob ta in   smoo the r   spec t r a l   d i s t r ibu t ion   such   t ha t   t he   da t a   fo r  
d i f f e r e n t   f l o w   c o n d i t i o n s   o r   c o n f i g u r a t i o n s   c a n   b e  compared  on a n  
o v e r a l l   b a s i s .   F i n a l l y ,   t h e   l i m i t a t i o n s  and t h e   g u i d e l i n e s   f o r   s i g n a l  
averaging   a re   d i scussed  i n  s e c t i o n  4.6. 

4.1 SYNTHESIZING ON ACOUSTIC IMPULSE WITH ACOUSTIC DRIVER 
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4.1.1 Characteristics of Elec t roacous t ic   Dr iver   and   Objec t ive   o f  
S igna l   Syn thes i s  

The o b j e c t i v e  i s  t o   u s e   e l e c t r o a c o u s t i c   d r i v e r ( s )  as the   impuls ive  
sound  source   for   the   nozz le   t ransmiss ion   s tud ies .  Tne o u t p u t   s i g n a l  of 
t he   d r ive r ( s )   shou ld   be  a s i n g l e   s h a r p   p u l s e  o f   ve ry   sho r t   du ra t ion ,  so 
t h a t  i t  w i l l  not be apprec iab ly   contaminatd   wi th   re f lec t ions   f rom  the  
n o z z l e   e x i t  and o t h e r   d i s t a n t   o b j e c t s .  The s p e c t r a l   c h a r a c t e r i s t i c s   a r e  
n o t   v e r y   c r i t i c a l  as long as the   pu l se   con ta ins   r ea sonab ly   h igh  
in t ens i ty   l eve l s   t h roughou t   t he   des i r ed   f r equency   r ange .  However, i t  i s  
not   s imple   to   genera te   such  a d e s i r e d   p u l s e .   I n   r e a l i t y ,   t h e   d r i v e r s  do 
not  have a f l a t   f r e q u e n c y   r e s p o n s e .   I n   a d d i t i o n ,   t h e   d r i v e r ' s   r e s p o n s e  
i s  very much inf luenced  by the  impedance  match  of  the  driver  with i t s  
surrounding.   Therefore ,  when an   impu l s ive   e l ec t ron ic   s igna l   (w i th   a lmos t  
a f la t   f requency   spec t rum)  i s  f e d   i n t o   t h e   d r i v e r ,  i t  does  not  
n e c e s s a r i l y   p r o v i d e   a n   a c o u s t i c   s i g n a l   w i t h  a similar pulse   shape   or  
s p e c t r u m   c h a r a c t e r i s t i c s .  On t h e   c o n t r a r y ,   t h e   o u t p u t   s i g n a l   c o n t a i n s  a 
s e r i e s  of p u l s e s ,   t r a i l i n g   f o r  a long time a f t e r   t h e   p a s s a g e  of t h e  
i n i t i a l   p u l s e .   T h e r e f o r e ,   t h e   o u t p u t   s i g n a l  becomes contaminated by 
r e f l e c t i o n s  from  the e x i t  and   o ther   d i s tan t   ob jec ts .   Moreover ,   such  a 
p u l s e   r e s u l t s   i n  a mul t i l obe   spec t rum,   i n s t ead   o f   t he   des i r ed   f l a t  
spectrum. 

I n   p r i n c i p l e ,  however,  there  must  be a s i g n a l  of some shape  which, 
when f e d   t o   t h e   d r i v e r ,  w i l l  produce a sharp   pu lse .  Such a n   e l e c t r o n i c  
input   can  be  der ived by us ing   the   response  of t h e   a c o u s t i c   d r i v e r  and 
i t s  surrounding. The p r o c e d u r e   t o   c r e a t e   t h e   d i s t o r t e d   i n p u t   t o   t h e  
d r i v e r   t o   o b t a i n  a c l e a n   p u l s e  i s  def ined as s i g n a l   s y n t h e s i s .  

4.1.2 Summary  of Previous Work 

Signal   synthes is   has   been  t r i e d  by o t h e r s   i n   t h e  p a s t  w i th   l imi t ed  
success.  Favour e t  a1 ( r e f .  8 )  presented  a s imple   a lgor i thm  and   appl ied  
i t  successful ly   to   shock  tes t ing  equipment .  A s  p e r  t he i r   r equ i r emen t  
t h e  waveform t h a t  was produced  had a small  bandwidth. However, t h e  
fundamental   concept   behind  the  synthesis   procedure was t h e  same. 
Niedzwiecki  and  Ribner  (ref.  9 )  a p p l i e d   s i g n a l   s y n t h e s i s   i n   t h e i r   s o n i c  
boom experiments  to  produce a p a r t i c u l a r  N-wave. Singh  and  Katra   ( ref .  
1 0 )   i n   t h e i r   s t u d y  of m u f f l e r   c h a r a c t e r i s t i c s   w i t h   t h e   a i d  of an  
impu l s ive   sou rce   a l so   a t t empted   t o   syn thes i ze   t he   impu l s ive   s igna l .   I n  
a s u b s e q u e n t   n o t e   ( r e f .   1 1 )   t h e y   r e p o r t e d   t h a t   t h e y  were unable   to   apply  
s i g n a l   s y n t h e s i s  and r e so r t ed  to a time-consuming tr ial  and e r r o r  
method.  Recently,  Aioshima  (ref.  12)  used wave  form. compression 
t e c h n i q u e s   t o   s t u d y   t h e   r e s p o n s e   c h a r a c t e r i s t i c s  of acous t i c   sys t ems  
subjec t   to   impulses .  But the   au thor   d id   no t   use   the   sys tem  response  
d i r e c t l y   i n   t h e   s i g n a l   s y n t h e s i s .   D a v i e s  e t  a1 ( r e f .   1 3 )   u s e d   s i g n a l  
syn thes i s   t o   p roduce   sho r t   du ra t ion   s igna l s   f rom a loudspeaker.  They 
w e r e   a b l e   t o   p r o d u c e   d i f f e r e n t   t a r g e t   f u n c t i o n s   a n d   t h e i r  work i s  very  
similar t o   t h a t   r e p o r t e d   i n   r e f e r e n c e  8. 

. 4.1.3 P r i n c i p l e  and the  Mathematical  Background 
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The s igna l   syn thes i s  is def ined as the   p rocedure   t o   ob ta in  a 
d i s t o r t e d  waveform  from the   response  of the  dr iver   system. The 
c a l c u l a t e d   d i s t o r t e d  waveform, when fed   back   to   the   d r iver   sys tem (i.e., 
the   d r iver (s )   wi th   sur roundings) ,   comple tes  a feed-back  loop  and  the 
output  of t he   d r ive r   sys t em is t he   des i r ed   s igna l .  This is i l l u s t r a t e d  
i n   f i g u r e  4.1. A similar predis tors ion  procedure i s  ou t l ined  by 
Niedzwiecki  and  Ribner  (ref. 9) .  The a n a l y t i c a l   d e t a i l s  of t h i s   p r o c e s s  
are d e s c r i b e d   i n   r e f e r e n c e  1 4  by Ramakrishnan e t  a l .  However, t h e   b a s i c  
s igna l   syn thes i s   p rocedure  i s  ou t l ined  below. 

L e t  x ( t )  be the   e l ec t ron ic   ana log   s igna l   i npu t   t o   t he   d r ive r   sys t em 
which  can  be  provided i n  any a r b i t r a r y   f a s h i o n ,  t be ing   the  time. I f  
y ( t )  is the   ou tput  of the   d r iver   sys tem,   then   the   cumula t ive   response  of 
the  dr iver   system,  h( t ) ,   can  be  determined.  The Fourier   t ransforms of 
t he   va r ious   func t ions  are defined as fo l lows   ( r e f .  15). 

~ ( w )  = J x( t )e  d t  
- i w t  

H ( ~ )  = h(t)e-iwtdt J 
Where, w = 2iTf 

A l l  the   in tegrands  i n  equat ion  (4.1) a r e   t r a n s i e n t   c a u s a l   f u n c t i o n s .  
Hence,   they  sat isfy a l l  the   necessary   convergent   condi t ions   for   the  
Four i e r   t r ans fo rms   t o   ex i s t .  The dr iver   system i s  assumed t o  be a 
l inear   response   sys tem.   For   l inear   sys tems  the   fo l lowing   re la t ionship  
h o l d s   ( r e f .  15): 

The response  funct ion i s  then,  

L e t  z ( t )  be the   des i r ed   t r ans i en t   oupu t  and Z(w) be i t s  Four i e r  
t ransform.   Then ,   the   synthes ized   input   s igna l   s ( t )   can   be   de te rmined  as, 

where, 

S(w) = Z(w)/H(w) 
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Figure  4 . 1  Schematic of o b t a i n i n g  a desired  pressure  pul-se 
x ( t )  from an a c o u s t i c   d r i v e r  w i t h  t r a n s f e r  
f unc t ion H ( w )  



I f  s ( t )  is f e d   i n t o   t h e   d r i v e r   s y s t e m   t h e   o u t p u t  would  be as fol lows:  

s(t - T) h (T) dT z ( t )  (4.5) 
0 

which is t h e   d e s i r e d   s i g n a l .   E q u a t i o n  (4.5) can a lso be wri t ten as 
fo l lows:  

I n  most  of t h e  cases the   des i r ed   ou tpu t  z ( t )  is t h e  same as x( t ) .  
Thus, i f   t h e   f r e q u e n c y   r e s p o n s e   o r   t r a n s f e r   f u n c t i o n  of t h e   d r i v e r  
system is  rep resen ted  by H(w), t h e n   f o r  a g iven   input  X(@), the   Output  
w i l l  be X(w).H(w). S i m i l a r l y ,   i f   t h e   p r o d u c t  of X(w) and l /H(w)  is fed  
t o   t h e   d r i v e r ,   t h e   o u t p u t  would  be e x a c t l y   e q u a l   t o  X(w) i t s e l f .  In t h e  
time domain, t h i s  i s  equ iva len t   t o   f eed ing   t he   convo lu t ion  of x ( t )  and 
t h e   i n v e r s e   F o u r i e r   t r a n s f o r m  of l / H ( w )  (i.e., x( t )*Fl( l /H(w)) .  

4.1.4 T e s t  F a c i l i t i e s  and Operat ional   Procedure 

To ca r ry   ou t   t he   s igna l   syn thes i s   p rocedure  two s p e c i f i c   d r i v e r  
c o n f i g u r a t i o n s  were used i n   t h e   s o u r c e   s e c t i o n :  (1) a s i n g l e   d r i v e r  
c o n f i g u r a t i o n  as shown i n   f i g u r e  4.2 where a s i n g l e   a c o u s t i c   d r i v e r  
no i se   sou rce  was u s e d   f o r   t h e   s i n g l e  stream duct;   and (2) a f o u r   d r i v e r  
c o n f i g u r a t i o n  as shown i n   f i g u r e  4.3 where   fou r   acous t i c   d r ive r s  were 
u s e d   f o r   3 0 t h   s i n g l e  stream and  annular  flow  duct  systems. 

In   t he   s ing le   d r ive r   sou rce   s ec t ion ,   t he   impu l s ive   sound  was 
in jec ted   th rough a small tube  opening  located a t  t h e   c e n t e r l i n e  of t h e  
duc t .  The tube w a s  connected  to   the  dr iver   through  another   tube  which 
was bent  by 90 . I n   t h e   f o u r   d r i v e r   c o n f i g u r a t i o n   t h e   d r i v e r e  were 
equiangular ly   arranged  around  the  c i rcumference of t he   f l ow  duc t  
connec t ing   the  test nozz le s .   In   e i t he r  of t he   conf igu ra t ions ,  an  induc t  
measuring  probe w a s  l o c a t e d   i n   t h e   d u c t   a b o u t  76.5 cm upstream of t h e  
t e rmina t ion  as d e s c r i b e d   i n   s e c t i o n  3. For   the   coannular   duc t ,   the  
probe w a s  p l a c e d   i n   t h e   a n n u l a r  space of the   duc t ,   Fo r   t h io   s tudy  Altec 
290E loudspeake r   d r ive r s  were used.   These  dr ivers   can  produce an o v e r a l l  
sound  pressure   l eve l   o f  134 dB a t  1.2 meters i n  the   f requency   range  of 500 
Hz t o  3 KHz and  have a frequency  response  of 300 Hz t o  8 KRz. 

The s igna l .   synthes iz ing   procedure  is c a r r i e d   o u t   i n   f o u r   s t e p 8  as 
i l l u s t r a t e d   i n   f i g u r e  4.4. 

(a) An a r b i t r a r y  shar 'p  pulse is c r e a t e d   i n   t h e   d i g i t a l  PFT a n a l y z e r  
(SD360). Then t h e   p u l s e   i s * , r o t a t e d  a t  a f ixed   f r equency   t o   gene ra t e  a 
t r a i n  o f   i d e n t f c a l   p u l s e s .   T h i s   . p e r i o d i c   i m p u l s i v e   s i g n a l ,  x(t)  , is 
recorded  on  an  analog  tape  recorder .  
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Figure  4.2 Schematic showing the  source  section and the  induct 
measurement system. 
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INDUCT PROBE. I 

F i g u r e  4 . 3  S c h e m a t i c   s h o w i n g   t h e   s o u r c e   s e c t i o n   w i t h   f o u r   a c o u s t i c  
d r i v e r s .  
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F i g u r e  4.4 B l o c k   d i a g r a m   s h o w i n g   t h e   s y n t h e s i z i n g   p r o c e d u r e  fo r  an 
a c o u s t i c   i m p u l s e   w i t h  a l o u d s p e a k e r   d r i v e r .  
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(b )  The recorded   s igna l  is  played  back  and  fed t o   t h e   d r i v e r ( s ) ,  
l o c a t e d   i n   t h e   f a c i l i t y   s o u r c e   s e c t i o n ,   t h r o u g h  a power supply. A 
lowpass f i l t e r  is  u s e d   t o   f i l t e r   o u t   t h e   h i g h   f r e q u e n c y   c o n t e n t   o f   t h e  
d r i v i n g   s i g n a l  when des i r ed .  The d r i v i n g  signal, x ( t ) ,  and  the  output  
s i g n a i  of t h e   d r i v e r  are c a p t u r e d   i n   t h e  FFT analyzer .  The r e f l e c t e d  
p a r t  of t h e   o u t p u t   s i g n a l  i s  e d i t e d   o u t   t o   i s o l a t e   t h e   o u t p u t  of t h e  
d r i v e r ,   y ( t ) .  The d r i v i n g   s i g n a l ,   x ( t ) ,  and t h e   o u t p u t   s i g n a l ,   y ( t ) ,  
are recorded on a magnetic  tape.  This  procedure i s  i l l u s t r a t e d   i n  
f i g u r e  4.4(b).  Then x ( t )  and y ( t )  are  used t o  compute the  response of 
t h e   d r i v e r ,  H(w), using  equat ion  (4 .3) .   Fol lowing  this ,   the   desired 
dr iv ing   s igna l ,   x ( t )*F- l ( l /H(w))  i s  computed  and recorded on a magnetic 
tape.  

( c )  The d r i v i n g   s i g n a l  i s  then   f ed   i n to   t he  FFT ana lyze r  and i s  
ro t a t ed   w i th  a fixed  frequency. The per iodic   ou tput   ( i . e . ,  a series of 
equally-spaced  pulses)  from  the FFT ana lyze r  is recorded  on  an  analog 
tape   recorder .  

(d )  The r e c o r d e d   s i g n a l ,   [ ~ ( t > * F - ~ ( l / H ( w ) > ] ,  i s  played  back and 
f e d   t o   t h e   d r i v e r ( s ) ,   l o c a t e d   i n   t h e   f a c i l i t y   s o u r c e - s e c t i o n ,   t h r o u g h  a 
power supply.  The ou tpu t   s igna l  of t h e   d r i v e r ( s )   i n c l u d i n g   t h e  
r e f l e c t i o n  of t he   duc t   t e rmina t ion  i s  captured in t h e  FFT analyzer .  
Th i s  i s  i l l u s t r a t e d   i n   f i g u r e   4 . 4 ( d ) .  

4.1.5 Experimental   Resul ts  

( 1 )   S i n g l e   D r i v e r   i n  a Single  Stream  Duct: 

Tests were conducted   in   the  test  f a c i l i t y  shown i n   f i g u r e  4.2 i n  
which  an  acoustic  impulse was syn thes i zed   u s ing   an   a rb i t r a ry  
t r i a n g u l a r   p u l s e ,   x , ( t ) .  The pulse  x ( t )  and the  corresponding  output  
s i g n a l  from t h e   d r i v e r   y l ( t )  were use$   to   der ive   the   response  of t h e  
d r i v e r ,  H(w), as fol lows:  

A s y n t h e s i z e d   i n p u t   s i g n a l ,   x 2 ( t ) ,  was then  der ived  using  the  response 
f u n c t i o n  H(w) and t h e   a r b i t r a r y   t r i a n g u l a r   s i g n a l   x , ( t ) :  

x2 ( t )  = xl( t )*F -1 1 ( 'H(w)) 
(4.8) 

s 
The i n p u t   s i g n a l s ,   x l ( t )  and x 2 ( t ) ,  and the i r   cor responding   ou tput  

s i g n a l s  from t h e   d r i v e r ,   y l ( t )  and y 2 ( t ) ,   a r e   p l o t t e d   i n   f i g u r e  4.5. 
The t e r m i n a t i o n   r e f l e c t i o n s  are a l s o   p r e s e n t   i n   y l ( t )  and   y2( t ) .   S igna l  
y l ( t )   c o n t a i n s   m u l t i p l e   p u l s e s  and i s  contaminated by r e f l e c t i o n s  from 
the   duc t   t e rmina t ion .   Therefore ,   the   ed i t ing   p rocess   needed   to   i so la te  
t h e   o u t p u t   s i g n a l  of t h e   d r i v e r  from t h e   t e r m i n a t i o n   r e f l e c t i o n  would 
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(a )  INPUT  SIGNAL  INDUCT OUTPUT SIGNAL 
I 

I . ARBITRARY  TRIANGULAR I 

I I .  SYNTHESIZED  INPUT  SIGNAL 

x 2 ( t )  = x, ( t ) " F  - 1  ( 1 /  H ( w ) )  

10 ms 
~ ~ ~~ 

TIME 

~i~~~~ 4.5 Time h i s t o r i e s   o f  (a )  t h e   i n p u t   s i g n a l s  t o  t h e   d r i v e r  and 
( b )  t he   co r respond ing   ou tpu t   s igna ls  from t h e   d r i v e r ,  
i n c l u d i n g   t h e   t e r m i n a t i o n   r e f l e c t i o n s ,  measured i n s i d e   t h e  
duct .  

54 



( b )  C A S E  I I 

I NPUT, X ( w )  '"// \ \ 

-"" OUTPUT, Y ( w )  
\ 
\ 
\ 
\ 
\ 
\ 

55 



I 1 (a )  INPUT  SIGNAL (b )  OUTPUT SIGNAL 

-~ 

SHARP INPUT PULSE , x, ( t )  
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Figure  4 .7  Time h i s t o r i e s  of (a) t h e   i n p u t   s i g n a l s   t o   t h e   d r i v e r  and 
(b)  the  corresponding  output   s ignals   f rom  the  dr iver  
measured ins ide   the   duc t .  
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Figure 4.8 Spectra of  t h e   d r i v e r   i n p u t  and  ou tpu t   s igna ls  shown 
i n   f i g u r e  4.7 
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F igure  4.9 E f f e c t   o f   s i g n a l   s y n t h e s i s   o n   t h e   r e f l e c t i o n   c o e f f i c i e n t   o f  a 
s t r a i g h t   d u c t ;   t h e   i n d u c t  sound f i e ld   genera ted   us ing   (a )  an 
a r b i t r a r y   t r i a n g u l a r   s i g n a l  as i n p u t   t o   t h e   d r i v e r ,  (b) a 
syn thes i zed   s igna l   as   i npu t   t o   t he   d r i ve r .  
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c a u s e   a n   e r r o r   i n   t h e   r e s u l t i n g   d a t a .  In con t ra s t ,   an   examina t ion   o f  
the   ou tput   s igna l   y , ( t ) ,   which  i s  obta ined  by s y n t h e s i z i n g , , i n d i c a t e s  
t h a t   t h e   i n c i d e n t   p u l s e   ( o u t p u t  of t h e   d r i v e r )  is  well  separated  f rom 
t h e   r e f l e c t e d   s i g n a l .   T h e r e f o r e ,   t h e   s i g n a l   c a n   b e   e d i t e d   u n a m b i g u o u s l y .  

The spec t r a   o f   each  of t h e   i n p u t   s i g n a l s ,   x ( t ) ,  and t h e  
co r re spond ing   ou tpu t   s igna l s   f rom  the   d r ive r   ( a f t e r   ed i t i ng   ou t   t he  
r e f l e c t i o n s )   a r e   p l o t t e d   i n   f i g u r e  4.6. I n s p i t e  of t h e   f l a t  
c h a r a c t e r i s t i c s  of t he   i npu t   s igna l   spec t rum,   a s   s een   i n   f i gu re   4 .6 (a ) ,  
t he   ou tpu t   s igna l   spec t rum i s  n o t   f l a t ,  which was expec ted   due   to   the  
inherent   non-f la t   f requency   response   o f   the   d r iver .  However, when t h e  
s y n t h e s i z e d   s i g n a l  is used a s   i npu t ,   t he   ou tpu t   spec t rum is  reasonably 
f l a t ,  as seen  i n  f igure   4 .6(b) .  

A s i m i l a r  exercise was a l s o   c a r r i e d   o u t   t o   d e m o n s t r a t e   t h a t   t h e  
a c o u s t i c   d r i v e r  is a l s o   c a p a b l e  of gene ra t ing  a sha rp   pu l se   w i th  a f l a t  
f requency  spectrum by the   u se  of s i g n a l   s y n t h e s i s   p r o c e s s .  In t h i s  
e x e r c i s e ,  a s h a r p   p u l s e ,   x l ( t ) ,   ( i . e . ,   d e l t a   f u n c t i o n )   i n   p l a c e  of t h e  
t r i a n g u l a r   p u l s e  was used   fo r   t he   syn thes i s .  The i n p u t   s i g n a l s ,   x l ( t )  
and  x , ( t ) ,  and t h e i r   c o r r e s p o n d i n g   o u t p u t   s i g n a l s   f r o m   t h e   d r i v e r ,   y l ( t )  
and y 2 ( t ) ,   s i m i l a r   t o   t h o s e  shown i n   f i g u r e  4.5 a r e   p l o t t e d   i n   f i g u r e  
4 .7 .   Unl ike   the   ou tput   s igna ls  shown i n   f i g u r e  4 .5 ,  t he   t e rmina t ion  
r e f l e c t i o n s   a r e  removed  from t h e   o u t p u t   t i m e   h i s t o r i e s   i n   f i g u r e  4.7. 
The s p e c t r a  of each of t h e   i n p u t   s i g n a l s ,   x ( t ) ,  and the   cor responding  
o u t p u t   s i g n a l s ,   y ( t ) ,  from t h e   d r i v e r   a r e   p l o t t e d   i n   f i g u r e  4.8. It can 
h e   s e e n   t h a t   t h e   s p e c t r u m   o f   t h e   f i n a l   o u t p u t   s i g n a l ,   y 2 ( t ) ,  i s  almost  
a s   f l a t   a s   t h e   s p e c t r u m  of t h e   i n i t i a l   i n p u t   s i g n a l ,   x l ( t ) .  This 
f u r t h e r   e s t a b l i s h e d   t h e   c a p a b i l i t y  of s igna l   syn thes i s   t o   gene ra t e   any  
d e s i r e d   s i g n a l   i n c l u d i n g  a sharp   pu lse   ( i . e . ,  a d e l t a   f u n c t i o n )   w i t h  
spec i f i c   f r equency   con ten t .  

To demonst ra te   the   usefu lness  of t h e   s i g n a l   s y n t h e s i s   p r o c e s s ,   t h e  
r e f l e c t i o n   c o e f f i c i e n t s  of the   duc t   de te rmina t ion  were der ived  by us ing  
the   i nduc t  t i m e  h i s t o r i e s   y l ( t )  and y 2 ( t )  of f i g u r e  4 .5 .  The r e f l e c t i o n  
coe f f i c i en t s   t hus   ob ta ined   f rom  each  of t h e   i n d u c t   s i g n a l s   a r e   p r e s e n t e d  
i n   f i g u r e  4 . 9  and a r e  compared   wi th   the   ana ly t ica l   so lu t ion   of   Levine  
and  Schwinger  (Ref.  7).  Figure 4 . 9  c lea r ly   demons t r a t e s   t he   u se fu lness  
o f   t he   s igna l   syn thes i z ing   p rocedure  by showing  good  agreement  between 
t h e   r e s u l t s   d e r i v e d   u s i n g   t h e   s y n t h e s i z e d   s i g n a l  and t h e  
Levine-Schwinger  analysis.  

(2 )   Four   Dr ive r s   i n  a Single  Stream  Ducts:  

The s y n t h e s i z e d   s i g n a l   f o r  a s i n g l e   d u c t   w i t h  a s i n g l e   a c o u s t i c  
d r ive r   canno t   be   u sed   where   mu l t ip l e   d r ive r s  are placed  around  the  f low 
d u c t .   I f   t h e   s y n t h e s i z e d   s i g n a l   f o r  a s i n g l e   d r i v e r   s y s t e m  i s  u s e d   t o  
d r i v e   t h e   f o u r   d r i v e r   s y s t e m ,   t h e   o u t p u t  a t  t h e  measurement l o c a t i o n  
w i l l  not  be a s ing le   pu l se .   Th i s  i s  because   the   response   o f   the   four  
d r i v e r   s y s t e m  i s  no t   t he  same a s   t h a t   f o r   t h e   s i n g l e   d r i v e r   s y s t e m .  

The re fo re ,   t o   ob ta in  a des i r ed   s ing le   sha rp   pu l se   f rom  the   fou r  
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F igu re  4.10 Time h i s t o r i e s  o f  ( a )   t h e   i n p u t   s i g n a l s   t o   t h e   f o u r   d r i v e r  
system  used i n   s i n g l e   s t r e a m   d u c t   a n d  (b )  the   cor respond ing  
o u t p u t   s i g n a l s   f r o m   t h e   d r i v e r ,   i n c l u d i n g   t h e   t e r m i n a L i o n  
r e f l e c t i o n s ,  measured i n s i d e   t h e   d u c t .  
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shown i n   F i g u r e   4 . 1 0 ,   f o r   t h e   f o u r   d r i v e r   s y s t e m  
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(a )  Input   S igna l  ( b )  Induct  Output  Signal  

ARBITRARY TRIANGULAR  INPUT  PULSE, x1 ( t )  .. 

F igu re  4.12 Time h i s t o r i e s  of ( a )   t h e   i n p u t   s i g n a l s   t o   t h e   d r i v e r  and 
( b )  t he   co r respond ing   ou tpu t   s igna ls   f rom  the   d r i ve r ,   i nc lud ing  
t h e   t e r m i n a t i o n   r e f l e c t i o n s ,  measured ins ide   t he   annu la r   c ross  
s e c t i o n   o f   t h e   d u c t .  



(a) Case I 
Arbitrary  Input   Signal  

FREQUENCY,  KHz 

Figure 4-13 Spectra  of   the  input   s ignals  to  the  dr ivers and  tk,e 
output   s ignals   f rom  the   dr ivers   for   the   annular   fac i l i ty  
( the   t ime   h is tor ies   a re  shown i n   f i g u r e  4.12) 
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d r i v e r   s y s t e m ,   t h e   s i g n a l   s y n t h e s i s  w a s  c a r r i e d   o u t   c o l l e c t i v e l y   f o r   t h e  
whole  system. An a r b i t r a r y   p u l s e   x l ( t )  was u s e d   t o   d r i v e   e a c h  of t h e  
f o u r   d r i v e r s   t o g e t h e r .  The p u l s e   x l ( t )   a n d   t h e   c o r r e s p o n d i n g   o u t p u t  
s i g n a l  from t h e   d r i v e r   s y s t e m   y l ( t )  were u s e d   t o   d e r i v e   t h e   r e s p o n s e  of 
t h e   d r i v e r   s y s t e m  H(u). A s y n t h e s i z e d   i n p u t   s i g n a l ,  x ( t ) ,  was t h e n  
de r ived   u s ing   t he   r e sponse   func t ion  H(u) a n d   t h e   s i g n a ?   x l ( t ) .  

T h e   i n p u t   s i g n a l s ,  x l ( t )  and   x2 ( t ) ,   and   t he   co r re spond ing   ou tpu t  \ s i g n a l s   f r o m   t h e   d r i v e r   s y s t e m ,   y l ( t )   a n d   y 2 ( t ) ,  are  p l o t t e d   i n   f i g u r e  
' 4.10. The t e r m i n a t i o n   r e f l e c t i o n s  are a l so  p r e s e n t   i n  y ( t )  and  y#) .  

S i g n a l  y (t) c o n t a i n s   m u l t i p l e   p u l s e s   a n d  i s  contaminateA by r e f l e c t i o n s  
f rom  the   duc t   t e rmina t ion .   However ,   the   inc ident   pu lse   o f   the   ou tput  
s i g n a l  y ( t ) ,  which was obta ined  by s y n t h e s i z i n g   t h e   s i g n a l ;  i s  q u i t e  
similar $0 t h e   i n p u t   s i g n a l   x , ( t ) ,  and i s  we l l  s epa ra t ed   f rom  the  
t e r m i n a t i o n   r e f l e c t i o n .  

1 

The spectra of   each   of   the   input   s igna ls   and   the   cor responding  
o u t p u t   s i g n a l s   ( a f t e r   e d i t i n g   o u t   t h e   r e f l e c t i o n s )  are p l o t t e d   i n   f i g u r e  
4.11. In c o n t r a s t   t o   t h e   n o n - f l a t   c h a r a c t e r i s t i c s   o f   t h e   s p e c t r u m   o f  
y ( t ) ,   t h e   s p e c t r u m   o f  y ( t )  i s  r e a s o n a b l y   f l a t .  

( 3 )  Four  Drivers   in   an  Annular   Duct :  

1 2 

The s i g n a l   s y n t h e s i s   p r o c e s s  was f i n a l l y   c a r r i e d   o u t   f o r   t h e  
a n n u l a r   d u c t   s y s t e m   ( s e e   f i g u r e   3 . 3 ( b ) )   w i t h   f o u r   a c o u s t i c   d r i v e r s   u s i n g  
a n   i n i t i a l   a r b i t r a r y   p u l s e  x ( t ) .  The i n p u t   s i g n a l s ,   x l ( t )   a n d   x 2 ( t ) ,  
and t h e   c o r r e s p o n d i n g   o u t p u t   s i g n a l s   f r o m   t h e   d r i v e r   s y s t e m ,   y l ( t )   a n d   y 2  
( t ) ,   a r e   p l o t t e d   i n   f i g u r e  4.12.  The s p e c t r a   o f   e a c h   o f   t h e   i n p u t  
s i g n a l s  and t h e   c o r r e s p o n d i n g   o u t p u t   s i g n a l s   ( a f t e r   e d i t i n g   o u t   t h e  
r e f l e c t i o n s )  are p l o t t e d  i n  f i g u r e  4.13. 

1 

I n   g e n e r a l ,  i t  w a s  o b s e r v e d   t h a t   t h e   s y n t h e s i z e d   s i g n a l s   f o r   t h e  
f o u r   d r i v e r   s y s t e m s   a r e   n o t   a s   p e r f e c t   a s   t h e   s y n t h e s i z e d   s i g n a l  
o b t a i n e d   p r e v i o u s l y   f o r   t h e   s i n g l e   d r i v e r   s y s t e m .   I n   t h e s e   s i t u a t i o n s ,  
t h e  main pu l se  i s  fol lowed by o t h e r  small ampl i tude   pu lses .  The main 
r e a s o n   f o r   t h i s   e f f e c t  i s  t h a t   t h e   a s s u m p t i o n   o f  a l i n e a r   s y s t e m  
response  is  no  more v a l i d   i n   t h e   m u l t i p l e   d r i v e r   c a s e .  In o t h e r  word.s, 
t he   r e sponse  o f   o n e   a c o u s t i c   d r i v e r  i s  in f luenced  by t h e   a c o u s t i c   f i e l d  
genera ted  by a n o t h e r   d r i v e r .   F o r   t h e   s i n g l e   d r i v e r   c a s e ,   s u c h  a problem 
was n o t   p r e s e n t .   S i n c e   t h e   a c o u s t i c   f i e l d  was d i f f e r e n t  when t h e  
d r i v e r s  were e x c i t e d  by x l ( t )  compared t o   t h e   a c o u s t i c   f i e l d   d u e   t o  x2 
( t ) ,   t h e   r e s p o n s e  of t h e   d r i v e r   s y s t e m  was d i f f e r e n t   i n   t h e  two cases. 
T h e r e f o r e ,   t h e   s y n t h e s i z e d   s i g n a l  x ( t ) ,  which was eva lua ted   on   t he  
b a s i s   o f  a r e s p o n s e   f u n c t i o n ,   d e r i v e d   u s i n g   x l ( t )  as t h e   i n p u t ,  was n o t  2 

capab le  of g e n e r a t i n g   t h e   d e s i r e d   s i g n a l   e x a c t l y  (i.e., x , ( t ) )  when f ed  
i n t o   t h e   d r i v e r s .   T h i s   e f f e c t  was more   appa ren t   fo r  the annu la r   sys t em 
which was r e l a t i v e l y  more  complex  compared t o   t h e   s i n g l e   d u c t   s y s t e m .  

I n   s p i t e  of t he   above   e f f ec t s ,   t he   shape  of t h e   o u t p u t   s i g n a l ,  y2 
( t ) ,  is  reasonably  similar t o   t h e   d e s i r e d   s i g n a l   x l ( t ) ,   a n d   t h e   i n c i d e n t  
p u l s e  of y 2 ( t )  i s  c l e a r l y   s e p a r a t e d   f r o m   t h e   t e r m i n a t i o n   r e f l e c t i o n s .  
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Therefore ,  no f u r t h e r   a t t e m p t  w a s  made t o  improve the s y n t h e s i s   p r o c e s s .  

4.1.6 Limi ta t ions   o f   S igna l   Syn thes i s  

(1) T h e   m a j o r   l i m i t a t i o n   o f   t h e   s i g n a l   s y n t h e s i s   t e c h n i q u e  arises 
due t o   t h e   f r e q u e n c y   b a n d w i d t h  of t h e   a c o u s t i c   d r i v e r .  The a c o u s t i c  
d r i v e r  i s  i n c a p a b l e   o f   g e n e r a t i n g   s u f f i c i e n t   s i g n a l   l e v e l s  a t  
f r e q u e n c i e s   o u t s i d e  i t s  frequency  band limits. T h e r e f o r e ,   i f   t h e   s i g n a l  
s y n t h e s i s  is u s e d   t o   g e n e r a t e  a s i g n a l   w i t h  a frequency  content  beyond 
the   d r ive r ’ s   f r equency   band  limits, t h e   s y n t h e s i s   p r o c e d u r e   f a i l s .   T h i s  
l i m i t a t i o n  i s  qu i t e   impor t an t   fo r   ze ro ,   f r equency .  From t h e   p h y s i c s   o f  
t h e   a c o u s t i c   d r i v e r  i t  i s  a p p a r e n t   t h a t   t h e   r e s p o n s e  of t h e   d r i v e r  a t  
ze ro   f r equency  is  i d e n t i c a l l y   z e r o  (i.e. H(0) = 0). However, du r ing  the 
p r o c e s s  of s i g n a l   s y n t h e s i s ,   d u e   t o   t h e   r e s i d u a l   s i g n a l   c o n t r i b u t i o n s  
f rom  va r ious   e l ec t ron ic   equ ipmen t   u sed   fo r   t he   pu rpose ,   t he   va lues  of 5 

X (0) and Y1(0)  come o u t   t o  he f i n i t e   ( i n s t e a d   o f   z e r o ) .   T h e r e f o r e ,   i f  
H f  0 )  i s  n o t   f o r c e d   t o   z e r o   i n   t h i s   p r o c e s s ,  a dominant X 2 ( 0 )  would  be 
t h e   r e s u l t  and t h i s  would  completely  dominate   the  synthesized  input  
s i g n a l ,   x 2 ( t ) .  

( 2 )  S ince   t he   r e sponse  of t h e   d r i v e r   a s  w e l l  a s   t h e   r e s p o n s e  of 
t he   duc t   be tween   t he   d r ive r  and t h e  measurement loca t ion   change   wi th  
t e s t  c o n d i t i o n ,  a s y n t h e s i z e d   s i g n a l   d e r i v e d   f o r  a g iven  t e s t  c o n d i t i o n  
t o   g e n e r a t e  a s p e c i f i c   s i g n a l   c a n n o t  be  used f o r   a n o t h e r  t e s t  cond i t ion .  
The re fo re ,   fo r   each  t e s t  c o n d i t i o n  a s e p a r a t e   s y n t h e s i s  i s  r equ i r ed .  
Yowever, t h i s   l i m i t a t i o n  i s  no t   s eve re  as l o n g   a s   t h e   c h a n g e   i n   t h e  
f low  cond i t ion  i s  n o t   d r a s t i c .  

4.2 SIGNAL AVERAGING 

4.2.1 P r i n c i p l e  of Signal   Averaging 

Signal   averaging  i s  a powerful means of  minimizing  background 
n o i s e .   I n   t h i s   t e c h n i q u e ,   t h e   s i g n a l s  are sampled a t   f i x e d  time 
i n t e r v a l s ,   c o n v e r t e d   t o   d i g i t a l  form  and s t o r e d   a t   s e p a r a t e   l o c a t i o n s   i n  
a memory. Each memory l o c a t i o n   c o r r e s p o n d s   t o  a d e f i n i t e   s a m p l e  time. 
The  sampling  process i s  c o n t i n u e d   f o r  a p r e s e t  number  of r e p e t i t i o n s .  
A t  e a c h   r e p e t i t i o n   t h e  new sampled   va lues   a r e   added   a lgeb ra i ca l ly   t o  
t he   va lues   a l r eady   accumula t ed   a t   t he   co r re spond ing  memory l o c a t i o n s .  
A f t e r  a g iven  number  of r e p e t i t i o n s   t h e  sum s t o r e d   i n   e a c h  memory 
l o c a t i o n  i s  e q u a l   t o   t h e  number  of r e p e t i t i o n s  times the   ave rage  of t h e  
samples   taken a t  t h a t   p o i n t  on t h e   d e s i r e d  waveform. A synchroniz ing  
s i g n a l  is  used t o   f i n d   t h e   s t a r t  o f   each   r epe t i t i on .   Such  a s imple  
s u m m a t i o n   p r o c e s s   t e n d s   t o   i n c r e a s e   t h e   s i g n a l - t o - n o i s e   r a t i o .  The 
s i g n a l   p o r t i o n  of t h e   i n p u t  i s  a cons t an t   fo r   any   s ample   po in t ,  and so 
i t s  c o n t r i b u t i o n   t o   t h e   s t o r e d  sum i s  m u l t i p l i e d  by t h e  number of 
r e p e t i t i o n s .  On t h e   o t h e r   h a n d ,   t h e   n o i s e ,   w h i c h  is  random.  and not  
time-locked t o   t h e   s i g n a l ,  makes  both  posi t ive  and  negat ive 
c o n t r i b u t i o n s  a t  a n y   p o i n t   d u r i n g   s u c c e s s i v e   r e p e t i t i o n s .   T h e r e f o r e ,  
t h e   n o i s e   p o r t i o n   o f   t h e   s t o r e d  sum grows  s lowly  as   compared  to   the 
s i g n a l   p o r t i o n .  
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T h i s   q u a l i t a t i v e   d e s c r i p t i o n  of t h e   s i g n a l   a v e r a g i n g   t e c h n i q u e   c a n  
a l s o  be   demons t r a t ed   quan t i t a t ive ly  by express ing   the   improvement   in   the  
s i g n a l - t o - n o i s e   r a t i o  (S/N) a s  a func t ion   o f   t he  number  of  averages 
( r e f .  15 ) .  L e t  t h e   i n p u t  be f ( t ) ,  composed  of a r e p e t i t i v e   s i g n a l  
p o r t i o n  s ( t )  and a n o i s e   p o r t i o n   n ( t ) .  Then 

f ( t >  = s ( t )  + n ( t >  ( 4 . 9 )  

L e t  t h e   k t h   r e p e t i t i o n  of s ( t )   b e g i n   a t  time tk  (and l e t  tl = 0 ) .  
I f  i n   e a c h   r e p e t i t i o n ,   t h e   s a m p l e s   a r e   t a k e n   e v e r y  T second,   then  

f ( t  + i T )  = s ( t k  + i T )  + n ( t k  + i T )  
k 

= s ( i T )  + n ( t k  + iT)   (4 .10)  

For a g iven  i and k, n ( t k  + iT) is  a random v a r i a b l e   a n d   c a n   i n  
most p r a c t i c a l  cases be  assumed t o  have a mean value  of  zero  and  an 
r.m.s. va lue  of say 6. And f o r   d i f f e r e n t   k ’ s   t h e   n o i s e   s a m p l e s   a r e  
u s u a l l y   s t a t i s t i c a l l y   i n d e p e n d e n t .  

Now t h e   s i g n a l - t o - n o i s e   r a t i o  ( S / N )  f o r   t h e   5 t h   p o i n t  on any 
p a r t i c u l a r   r e p e t i t i o n   c a n  be  given by 

S/N = - ( iT)  
B 

(4 .11)  

A f t e r  m r e p e t i t i o n s ,   t h e   v a l u e   s t o r e d   i n   t h e  ith memory l o c a t i o n  
i s  

m m f f ( t k  + iT )  = 1 s ( i T ) + C   n ( t k + i T )  
k= 1 k= 1 k= 1 

( 4 . 1 2 )  
m 

= m s ( i T )  + 1 n ( t k +   i T )  
k= 1 

S i n c e   t h e   n o i s e  is  random  and t h e  m samples are  independent ,   the  
mean squa re   va lue  of t h e  sum of t h e  m noise   samples  i s  m B 2 ,  and  the 
r.m.s. va lue  is  6 6 .  T h e r e f o r e ,   t h e   s i g n a l - t o - n o i s e   r a t i o   a f t e r  
summation i s  

( 4 . 1 3 )  

Thus  suaming m r e p e t i t i o n s   i m p r o v e s   t h e   s i g n a l - t o - n o i s e   r a t i o  by a 
f a c t o r  of 6. Thus  an  enhancement   of   s ignal- to-noise   ra t io   by 20 dB (a 
f a c t o r  of 10) w i l l  r e q u i r e  100 s e p a r a t e   r e p e t i t i o n s .  However, i f   s i g n a l -  
t o - n o i s e   r a t i o  is  de f ined  i n  terms of r . m . s .  q u a n t i t i e s ,   a n d   n o t   s q u a r e d  
q u a n t i t i e s ,   t h e n  an enhancement of s igna l - to -no i se   r a t io   by   10  dB ( a  
f a c t o r  of 10) w i l l  r e q u i r e  100 s e p a r a t e   r e p e t i t i o n s .  
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4.2.2 S igna l   Averag ing   P rocedure  

The s i g n a l   a v e r a g i n g   e x p e r i m e n t s  were conducted i n   t h e   a n e c h o i c  
f r e e  j e t  f a c i l i t y   u s i n g   t h e   s i n g l e  stream f l o w   s y s t e m   w i t h  a s i n g l e  
a c o u s t i c   d r i v e r  a t  t h e   s o u r c e   s e c t i o n  (see f i g u r e  3 . 1 ) .  

T h e   s i g n a l   a v e r a g i n g   p r . o c e d u r e ,   i l l u s t r a t a t e d   i n   f i g u r e   4 . 1 4 ,  i s  
carried o u t   i n   t h e   f o l l o w i n g   m a n n e r .  A s y n t h e s i z e d   p e r i o d i c   s i g n a l   t o  
d r i v e   t h e   l o u d s p e a k e r   d r i v e r  i s  r e c o r d e d   o n   a n   a n a l o g   t a p e   r e c o r d e r .  
T h e   r e c o r d e d   p e r i o d i c   s i g n a l   i s . p l a y e d   b a c k   a n d   f e d   t o   t h e   a c o u s t i c  
d r i v e r .  The same e l e c t r o n i c   s i g n a l   f r o m   t h e   t a p e   r e c o r d e r ,   t h a t  excites 
t h e   d r i v e r ,  i s  a l s o   u s e d  as t h e   t r i g g e r i n g   ( o r   t h e   s y n c h r o n i z i n g )  
s i g n a l ,   w h i c h  is  f e d   t o   t h e  real time a n a l y z e r  (SD-360) a l o n g   w i t h   t h e  
a c t u a l   s i g n a l   m e a s u r e d   i n   t h e   f a r - f i e l d   w h i c h  i s  con tamina ted   w i th  
j e t - m i x i n g   n o i s e .   T y p i c a l  time h i s t o r i e s   o f   ( 1 )   t h e   e l e c t r o n i c   s i g n a l  
f e d   t o   t h e   d r i v e r   a n d   a l s o   u s e d  as t h e   t r i g g e r i n g   s i g n a l ,  ( 2 )  t h e   o u t p u t  
o f   t h e   d r i v e r ,  ( 3 )  t h e   p u r e  j e t  m i x i n g   n o i s e   s i g n a l   i n   t h e   f a r - f i e l d ,  
a n d   ( 4 )   t h e   i m p u l s e   s i g n a l   i n   t h e   f a r - f i e l d ,   b e f o r e   a n d   a f t e r   s i g n a l  
a v e r a g i n g ,   a r e  shown i n   f i g u r e  4.14. 

4 .2 .3   Ef fec t   o f   S igna l   Averaging  

The fo l lowing   expe r imen t s   ( s ee   Tab le   4 .1 )  were conduc ted   u s ing  
t h r e e   d i f f e r e n t   c o n f i g u r a t i o n s   a n d   v a r i o u s  j e t  Mach numbers. 

Table   4 .1  Tes t  c o n d i t i o n s   f o r   s i g n a l   a v e r a g i n g   e x p e r i m e n t s  

COfTIGIJRATION JET MACH NUMBERS 
-~ 

1. S t r a i g h t   D u c t  0.0, 0.2 
2 .  6.2 cm Diameter   Conica l   Nozzle  0.0, 0.2, 0.4, 0.6,  0 .8 ,  1.2 
3 .  Daisy   Lobe   Nozzle   wi th   Equiva len t  0.0, 0.2,  0.4,  0.6, 0.8,  1.2 

Diameter  of  6.2 cm - - = . i_ . ~. . . ~ ~ _ ~ _ _ " ~  . . . " 

Figure  4.15  shows  the time h i s t o r i e s  of t h e   t r a n s m i t t e d   s i g n a l  
con tamina ted   w i th  j e t  n o i s e   f o r  Mach numbers  of 0.6 and 1.2 a t  v a r i o u s  
p o l a r   a n g l e s   f o r   t h e   d a i s y   l o b e   n o z z l e   t e r m i n a t i o n .  It i s  i m p o s s i b l e  
t o   i d e n t i f y   t h e   p r e s e n c e   o f   t h e   t r a n s m i t t e d   i m p u l s i v e   s i g n a l   i n   t h e s e  
p l o t s .   H o w e v e r ,   a f t e r   s i g n a l   a v e r a g i n g ,   t h e   p u l s e s   s t a n d   o u t   c l e a r l y ,  
a s  shown s u p e r i m p o s e d   i n  a d a r k e r   s h a d e   o v e r   t h e   c o n t a m i n a t e d   s i g n a l   i n  
f i g u r e  4.15. To q u a n t i f y   t h e  effect  of s i g n a l   a v e r a g i n g   t h e   f o l l o w i n g  
r e s u l t s  are  p r e s e n t e d .  

The time h i s t o r i e s  of f a r - f i e l d   s i g n a l  a t  t h e   p o l a r   a n g l e  of 120°,  
w i t h   a n d   w i t h o u t   a v e r a g i n g ,   f o r   t h e   s t r a i g h t   d u c t   t e r m i n a t i o n ,   w i t h o u t  
a n y   f l o w ,   a r e   p l o t t e d   i n   f i g u r e   4 . 1 6 ( a ) .  The e f f e c t  of ave rag ing   w i th   no  
f l o w   c o n d i t i o n  is  i n s i g n i f i c a n t .   T h i s  is  t o  b e   e x p e c t e d ,   s i n c e   t h e  
random n o i s e   l e v e l   i n   t h e   a b s e n c e   o f   f l o w  i s  v e r y  low. T h i s  i s  f u r t h e r  
d e m o n s t r a t e d   i n   f i g u r e   4 . 1 6 ( b ) ,   w h e r e   t h e   s o u n d   p r e s s u r e   l e v e l   s p e c t r a  
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of the   pu l se s   w i th  and wi thout   s igna l   averaging  are compared. Figure 
4.16(b)  shows tha t   t he   spec t r a   w i th   and   w i thou t   s igna l   ave rag ing  are 
n e a r l y   i d e n t i c a l .  The major   d i f fe rence   occurs  a t  very low f requencies  
where   the   s igna l   averaging   process   reduces   the  random ambient  or, 
background  noise levels considerably.  

The time h i s t o r i e s  of t h e   f a r - f i e l d   s i g n a l  a t  t h e   p o l a r   a n g l e  of 
1 2 0 ° ,   f o r   t h e   s t r a i g h t   d u c t   w i t h  a f low Mach number of MJ = 0.2, are 
p lo t t ed   i n   f i gu re   4 .17 (a ) .  The e f f e c t  of s igna l   averaging  is  very 
c l e a r l y   d e m o n s t r a t e d   i n   t h i s   f i g u r e .  The s i g n a l ,   t h o u g h   i d e n t i f i a b l e  
be fo re   s igna l   ave rag ing ,  was severely  contaminated  with j e t  mixing 
noise .   Signal   averaging removed most  of t h e  jet mixing  noise   f rom  the 
contaminated  s ignal .   In   f igure  4 .17(b)   the  corresponding  sound  pressure 
l e v e l   s p e c t r a  of   the   pu lses   wi th   and   wi thout   s igna l   averaging  are 
compared. The spectrum  obtained  without   s ignal   averaging is  
cons ide rab ly   d i f f e ren t   f rom  tha t   ob ta ined   w i th   s igna l   ave rag ing .  The 
s igna l   averaging   process  i s  shown t o   r e d u c e   t h e  random noise   l eve l   and  
t o  make the  spectrum  smoother.  

4.3 SIGNAL EDITING 

The  main  purpose  of  signal  edit ing i s  t o  remove t h e  unwanted 
p o r t i o n s  of t h e   s i g n a l s   f r o m   t h e   t o t a l   s i g n a l  time h i s t o r y .  

I n   t h e  sound  t ransmission  s tudies   conducted so f a r   u s i n g   t h e  
impulse   t echnique ,   the   t rans ien t   s igna ls   genera ted  by spark   d i scharges  
were e d i t e d  i n  a c o n s i s t e n t  manner. To exp la in   t he   ed i t i ng   p rocess  
a p p l i e d   t o   t h e   t r a n s i e n t   s i g n a l s ,  i t  i s  necessary t o  d e s c r i b e   t y p i c a l  
pu lses   measured   ins ide   the   duc t  and i n   t h e   f a r   f i e l d .  A t y p i c a l   i n d u c t  
time h i s t o r y ,   a s  measured su f f i c i en t ly   ups t r eam of t h e   d u c t   e x i t ,  
c o n s i s t s  of a s ing le   sha rp   i nc iden t   pu l se   ( compress ion  wave)  and a 
r e f l ec t ed   pu l se ,   s epa ra t ed  from the   i nc iden t   pu l se   ( s ee   f i gu re  4 . 1 8 ) .  
B e f o r e   t h e   i n i t i a t i o n  of t he   i nc iden t   pu l se  and a f t e r   t he   comple t ion   o f  
t h e   r e f l e c t e d   p u l s e ,   t h e   t r a n s i e n t  time h i s to ry   con ta ins   no th ing   bu t   t he  
background  noise  superimposed on the   ze ro   l eve l   ex t ens ions .  A s  t h e  
inc iden t   pu l se   p ropaga te s   ou t   f rom  the   duc t   t o   t he   f a r   f i e ld ,   t he   pu l se  
shape  changes. A t yp ica l   f a r - f i e ld   pu l se   con ta ins  a main compression 
p u l s e   ( s i m i l a r   t o   t h e   i n c i d e n t   p u l s e )   f o l l o w e d  by a low amplitude 
r a r e f a c t i o n   p u l s e .  The rest of t h e   f a r - f i e l d  time h i s t o r y   c o n t a i n s  
nothing  but   the   background  noise   (see  f igure 4.18) .  In   the  absence  of  
any  background  noise,   both  the  induct  and  the  far-field  pulses would 
conta in   on ly   zero   l eve l   s igna ls   in   p lace   o f   the   un i form  background 
noise.   These  regions of t h e   t r a n s i e n t   p u l s e   t a i l s   a r e   c o n v e n i e n t l y  
termed a s   t h e   " z e r o   l e v e l   e x t e n s i o n s "  of the   impuls ive   s igna ls .  

The t r a n s i e n t   s i g n a l ,   e i t h e r   i n d u c t   o r   f a r - f i e l d ,   a f t e r   b e i n g  
cap tu red   i n   t he  FFT ana lyzer ,  w a s  e d i t e d   i n   s u c h  a way t h a t   o n l y   t h a t  
p a r t  of the   s igna l   which  w a s  of i n t e re s t   cou ld   be   r e t a ined .  Also, t h e  
low  amplitude  background  noise  superimposed on t h e   s i g n a l  was e d i t e d   o u t  
mostly  from  the  zero level ex tens ions  of the   impuls ive   s igna l .  The 
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F i g u r e  4 .17  The e f f e c t   o f   s i g n a l   a v e r a g i n g   o n   ( a )   t h e   f a r - f i e l d   s i g n a l  
a t  a p o l a r   a n g l e   o f  1 2 0 '  and ( b )  i t s  sound   p ressu re   l eve l  
s p e c t r u m   f o r  a d u c t   a t  MJ = 0.2. 
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e f f e c t  of such   ed i t i ng  was n o t   s i g n i f i c a n t  o n   t h e   s p e c t r a l   d i s t r i b u t i o n  
of   the   pu lse ,   s ince   the   impuls ive   sound  genera ted  by a spa rk   d i scha rge  
was v e r y   i n t e n s e  compared to ' the   background  no ise .  

On the   o the r   hand ,  when t h e   p u l s e s  are generated by a n   a c o u s t i c  
d r i v e r ,   t h e i r   i n t e n s i t i e s  are r e l a t i v e l y   l o w ,   a n d   t h e r e f o r e ,   t h e   e d i t i n g  
p rocess   cou ld   s eve re ly   i n f luence   t he  spec t ra l  d i s t r i b u t i o n   o f   t h e   p u l s e ,  
e s p e c i a l l y  when the  background  noise  contamination i s  e d i t e d   o u t  
a rb i t r a r i l y .   A l though   t h i s   p rob lem i s  most ly   e l iminated by t h e   s i g n a l  
averaging  process ,   which  removes  or   minimizes   the random background 
no i se   w i thou t   a f f ec t ing   t he   pu l se ,   expe r imen t s  were conducted   for  
comple t eness   t o   eva lua te   t he   e f f ec t  of e d i t i n g  o n   t h e   s p e c t r a l   c o n t e n t  
of t h e   s i g n a l .  

In   one  of t h e s e   t e s t s ,  a c l e a n   p u l s e ,   r e p r e s e n t a t i v e  of a t y p i c a l  
f a r - f i e l d   p u l s e s  [shown i n   f i g u r e   4 . 1 9 ( a ) ] ,  was constructed  and i t s  
s p e c t r a l   c o n t e n t  was e v a l u a t e d   [ s e e   f i g u r e   4 . 1 9 ( b ) ] .  Then a random 
n o i s e  sample, as shown i n   f i g u r e   4 . 1 9 ( a ) ,  was superimposed  on  the  clean 
p u l s e .  The spectrum of the  contaminated  pulse  i s  compared w i t h   t h a t  of 
t h e   c l e a n   s i g n a l   i n   f i g u r e   4 . 1 9 ( b ) .  It can   be   s een   t ha t ,   excep t   i n   t he  
low frequency  range  where  the  spectral   content  of t h e   c l e a n   s i g n a l  i s  
h i g h e r ,   t h a n   t h a t   f o r   t h e  random noise ,   the   spec t rum of t h e   p u l s e  a t  
h i g h e r   f r e q u e n c i e s  i s  comple te ly   bur ied   in   the  random noise  spectrum. 

Attempts were made t o  remove the  hackground  noise  from  the 
contaminated  s ignal  by va r ious   ed i t i ng   p rocedures .   Three   d i s t i nc t  
e d i t i n g   s t a g e s  are i l l u s t r a t e d  i n  f i g u r e   4 . 2 0 ( a ) .   I n   t h e   f i r s t   s t a g e ,  
t h e  ma in  pu l se  was l e f t   a s  i t  was a n d   t h e   r e s t   o f   t h e   s i g n a l  was 
c l eaned .   In   t he   s econd   s t age ,  t h e  low a m p l i t u d e   r a r e f a c t i o n  wave  of t he  
s i g n a l  was p a r t i a l l y   e d i t e d ,  and f i n a l l y ,   i n   t h e   t h i r d   s t a g e ,   t h e  low 
a m p l i t u d e   r a r e f a c t i o n  wave was completely removed. 

The spectral  c o n t e n t s  of each of t h e s e   e d i t e d   s i g n a l s  are compared 
wi th   t hose  of t h e   c l e a n   s i g n a l  i n  f igure   4 .20(b) .  A t  h ighe r   f r equenc ie s  
the   spec t ra   f rom  each  of t h e   e d i t e d   s i g n a l s   a r e   c o n s i d e r a b l y   d i f f e r e n t  
from t h a t  o f  t he   c l ean   s igna l .   Th i s   i nd ica t e s   t ha t   t he   con tamina t ion  of 
t h e  main p u l s e   i t s e l f   c o n t r i b u t e s   c o n s i d e r a b l y   t o   t h e   s p e c t r a l   c o n t e n t s  
of t h e   s i g n a l  a t  h ighe r   f r equenc ie s .  The removal of r a r e f a c t i o n   p u l s e ,  
a f f e c t s   t h e   s p e c t r a l   c o n t e n t   o n l y   i n   t h e   v e r y  low frequency  range. 

T h i s   e x e r c i s e   i n d i c a t e s   t h a t ,   i n   g e n e r a l ,   e d i t i n g  of s i n g l e   ( a s  
opposed to   ave raged)   pu l se s  i s  not a s u i t a b l e  means t o   r e c o v e r   t h e  
s i g n a l  from  the  background  noise when t h e   s i g n a l - t o - n o i s e   r a t i o  i s  low. 
I n s t e a d ,  i t  i s  b e t t e r   t o   u s e   t h e   s i g n a l   a v e r a g i n g   p r o c e s s ,   w h i c h  i s  a 
verv  powerful means to   e l imina te   t he   background   no i se   success fu l ly .   Th i s  
i s  i l l u s t r a t e d   a g a i n   i n   f i g u r e  4.21. The c lean   pu lse   and   the   recovered  
p u l s e   a f t e r   s i g n a l   a v e r a g i n g   a r e  shown i n   f i g u r e   4 . 2 1 ( a ) .  The 
comparison  between  the  spectral   content  of t he   c l ean   pu l se   and   t he  
recovered  pulse  i s  shown in   f igvre   4 .21(b) ,   which  shows a very good 
agreement  between  the two. In  some c a s e s ,   e v e n   a f t e r  many averages ,   the  
z e r o   l e v e l   e x t e n s i o n s  of t h e  pu l se  may s t i l l  be s l i gh t ly   con tamina ted  
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w i t h  je t  mix ing   no i se   o r   e l ec t ron ic   sys t em  no i se .   In   such   s i t ua t ions ,   t o  
g e t  a smooth s p e c t r a l   d i s t r i b u t i o n ,   t h e   e d i t i n g   p r o c e s s  i s  simply  used 
t o   z e r o   o u t   t h e   e x t e n s i o n s   o f   t h e   p u l s e .   T h i s   e d i t i n g   p r o c e s s   d o e s  no t  
a f f e c t   t h e  spectral  con ten t  of the   pu lse .  

4 - 4  SPECTRAL AVERAGING 

4.4.1 Object ive and Procedure of Spec t ra l   Averaging  

Whereas s igna l   ave rag ing  is  r equ i r ed   t o   e l imina te   o r   min imize  
background  noise,  i t  i s  q u i t e   p o s s i b l e   t h a t   m u l t i p l e   s p e c t r a l   a v e r a g i n g  
f o r  a s i n g l e  t es t  c o n f i g u r a t i o n  would  improve t h e   s t a t i s t i c a l   a c c u r a c y  
and  would  smooth the   spec t r a l   r e su l t s .   Th i s   a spec t   has   been   s tud ied  by 
conducting a series of e x p e r i m e n t s   w i t h   d i f f e r e n t   j e t  Mach numbers f o r  a 
6 . 2  cm diameter   conica l   nozz le   connec ted   to  a 10 c m  diameter   duct .   In  
t h i s   s t u d y ,   t h e   s p e c t r a l   d a t a  of s e v e r a l   a v e r a g e d   s i g n a l s   f o r  a f i x e d  
f low  condi t ion   were   eva lua ted .  Then t h e s e   d a t a  were u t i l i z e d   i n  
spec t r a l   ave rag ing ,   u s ing  a computer. 

The spec t ra l   averaging   procedure  is  q u i t e  s i m p l e .  The 
s p e c t r a l   d a t a   f o r  a tes t  c o n d i t i o n   a r e   e v a l u a t e d   s e v e r a l  times us ing  
d i f f e r e n t   a n a l o g  time domain data.  T h e s e   s p e c t r a   a r e   a r i t h m e t i c a l l y  
summed for   each  f requency  point  a n d  an  average 
computed.  Mathematically,   this i s  r ep resen ted  

1 N 

i= 1 
F ( f )  = f 1 Fi ( f )  

spectrum is  thus  
by 

( 4 . 1 4 )  

where  Fi(f)  are t h e   s p e c t r a l   l e v e l s   i n   l i n e a r  scale ( n o t   i n  dB) a t  frequency 
f fo r   i=1 ,2 , - - - -  , N ,  and P ( f )  is the   ave raged   va lue  a t  frequency f ,  eva lua ted  
us ing  N number o f   i nd iv idua l   spec t r a l   da t a .   The re fo re ,   any  random v a r i a t i o n  
i n   F i ( f )  would be  smoothed  out   due  to   this   summation  procedure.  

4.4.2 Effect   of   Spectral   Averaging 

Figure 4.22 i l l u s t r a t e s   t h e   e f f e c t  of s p e c t r a l   a v e r a g i n g   o n   f a r  
f i e l d  sound p r e s s u r e   l e v e l   s p e c t r a  a t  p o l a r   a n g l e  of 90 d e g r e e s   f o r  a 
6.2 cm diameter con ica l   nozz le   w i th  j e t  f low Mach numbers of 0.6 and 
0.8. The e f f e c t  of s p e c t r a l   a v e r a g i n g  on t h e s e  spectra seems t o  be  very 
small, e v e n   a f t e r   s i x   a v e r a g e s .  From t h i s   s t u d i e s  i t  can  be  concluded 
t h a t  spectral  averaging is  no more n e c e s s a r y   t o   i m p r o v e   t h e   s t a t i s t i c a l  
accuracy of t h e   s p e c t r a l   r e s u l t s  when i d e n t i c a l   p u l s e s  are genera ted   (as  
i n   t h e   p r e s e n t   s t u d y )   a n d  are  a v e r a g e d   i n   t h e  time domair. t o  remove t h e  
random noise .  

4.5 NUMERICAL SMOOTHING 

4.5.1 Object ive and Procedure of Numerical  Smoothing 

The spectral  d i s t r i b u t i o n  of t he   va r ious   t r ansmiss ion  parameters, 
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for e x a m p l e ,   t h e   r e f l e c t i o n   c o e f f i c i e n t   a n d   t h e   f a r   f i e l d  sound pressure  
levels, as derived  from  the  induct and f a r   f i e l d   s i g n a l s ,  are "noisy" i n  
na ture   and   th i s   behavior  i s  p a r t i c u l a r l y  dominant i n   t h e   h i g h e r  
f requency  range,   instead  of   being smooth  throughout  the  frequency  range. 
With t h i s   s i t u a t i o n  i t  i s  d i f f i c u l t   t o   d i s t i n g u i s h   b e t w e e n   t h e   e f f e c t s  
of  various  parameters,   such as f low  veloci ty   and  nozzle   shape,  on t h e  
corresponding sound p r e s s u r e   l e v e l  spectra. Therefore ,   ins tead of using 
the"  noisy"  sound  pressure  level   spectra  as der ived,  i t  i s  q u i t e  
p o s s i b l e   t o   u t i l i z e  some type of numerical   averaging  procedure  to  smooth 
t h e   s p e c t r a l   r e s u l t s .  This aspec t   has   been   d i scussed   in   re fe rence   6 .  
However, the   bas ic   p rocedure  i s  o u t l i n e d   i n   t h i s   s e c t i o n .  

The numerical   averaging  (or   smoothing)   technique  used  in   this   s tudy 
is i l l u s t r a t e d  as follows. The smoothed value of t h e   f u n c t i o n  (power 
spectra o r   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a )  F, a t  t h e  I th  frequency  point 
is given by 

where 

F, , ( I )  = 7 {F(I-m) + 4F(I-&l) + 2F(I-m+ H .2) + 4F(I-&3) + 

H = difference  between  the  coordinates  of two successive  points  

2m+l = number of  points  used for averaging 

L e t  

n - 2m+l 
The smoothing  procedure  can  be  repeated  several times and t h e  

number  of data poin ts   n ,   used   for   averaging   can   a l so  be a l t e r e d .  By 
Increas ing   the  number of da t a   po in t s   n ,   and /o r   i nc reas ing   t he  number of 
averages  keeping  the number of d a t a   p o i n t s   f i x e d   i n   t h i s  smoothing 
process ,   the   spectrum becomes smoother. However,  by using a l a r g e  
number of po in ts   in   the   smooth ing   technique ,   minor   de ta i l s  of t h e  
s p e c t r a l   d i s t r i b u t i o n  are lost .   Therefore ,   depending  on  the  type of 
information  needed,  the number of d a t a   p o i n t s   t o  be  used i n  smoothing 
should be selected accordingly.  One a l so   r eaches  a s imi l a r   conc lus ion  
when t h e  number of averages i s  increased  keeping  the number  of d a t a  
pointe   f ixed.  
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4.5.2 E f f e c t  of  Numerical  Smoothing 

The  number  of p o i n t s   n ,   f o r   t h e   n u m e r i c a l   s m o o t h i n g   u t i l i z e d  i n  t h e  
p r e s e n t   s t u d y ,   h a s   b e e n   t a k e n   t o   b e  11 and t h e   p r o c e s s  is  r e p e a t e d   t h r e e  
times ( t h r e e   a v e r a g e s ) .  In t h i s   s t u d y   t h e   d i f f e r e n c e   b e t w e e n  two 
s u c c e s s i v e   f r e q u e n c y   p o i n t s  i s  20 Hz (bandwidth).  

F i g u r e  4.23 i l l u s t r a t e s   t h e   e f f e c t   o f   n u m e r i c a l   s m o o t h i n g   o n  far 
f i e l d  sound p r e s s u r e   l e v e l   s p e c t r a   f o r  a 6 . 2  cm d i a m e t e r   c o n i c a l   n o z z l e  
a t  p o l a r   a n g l e  of 90 degrees   w i th  je t  f low Mach numbers  of 0.6 and 0.8. 
It can   be   c l ea r ly   s een   t ha t   t he   numer i ca l ly   smoo thed   spec t r a l   da t a  
r e p r e s e n t   a n   o v e r a l l   d i s t r i b u t i o n   o f   t h e   s p e c t r a l   b e h a v i o r .   S i n c e   l a r g e r  
f l u c t u a t i o n s   i n   t h e   s p e c t r a l   d i s t r i h u t i o n  are e l imina ted   by   numer ica l  
smoothing  such a r e p r e s e n t a t i o n  is  u s e f u l  when t h e   d a t a   f o r   d i f f e r e n t  
f l o w   c o n d i t i o n s   o r   c o n f i g u r a t i o n s  are t o   b e  compared. 

4 . 6  LIMITATIONS AND GUIDELINES FOR SIGNAL AVERAGING 

4.6.1 Limi ta t ions   fo r   S igna l   Averag ing  

I m p l i c i t   i n   s i g n a l   a v e r a g i n g   t e c h n i q u e  is  t h e   a s s u m p t i o n   t h a t   t h e  
pulse  waveforms  from  sample t o  sample a r e   i d e n t i c a l ,   o r   n e a r l y  so, and 
t h a t   t h e  time r e f e r e n c e ' f o r   s i g n a l   a v e r a g i n g  i s  c o n s t a n t ,   t h u s   e n s u r i n g  
proper  pulse  enhancement.  So f a r   a s   t h e   p u l s e  waveforms are concerned,  
t h e y   a r e   v e r y  much a l i k e   s i n c e   t h e   d r i v e r  i s  p e r i o d i c a l l y   e x c i t e d  by t h e  
same s i g n a l .  So f a r   a s   t h e   p r o p a g a t i o n  time of t h e   p u l s e  i s  concerned,  
t he   pu l se   p ropaga te s   t h rough   t he   t u rbu len t  j e t  flow medium b e f o r e  
reaching   the   fa r - f ie ld   microphones .   Thus ,  small v a r i a t i o n s   i n   t h e  
propagat ion  speed are p o s s i b l e  and pu l se  times of a r r i v a l   w i t h  respect 
t o   t h e   r e f e r e n c e   s i g n a l  may e x h i h i t  some "jitter". However, w i t h i n   t h e  
f requency   range   ( i . e .  8 KHz) of t h e   p r e s e n t   e x p e r i m e n t s ,   t h e  small 
v a r i a t i o n  i n  t he   p ropaga t ion  time of success ive   pu l se s  was found t o  be 
i n s i g n i f i c a n t   t o   c a u s e   a n y  j i t t e r  problem. On t h e   o t h e r   h a n d ,  when t h e  
s t u d y   r e q u i r e s  a h ighe r   f r equency   r ange ,   t he  j i t t e r  problem may be 
s i p n i  f i c a n t  . 
4.6.2 G u i d e l i n e s   f o r   S i g n a l   A v e r a g i n g  

The  g u i d e l i n e s   f o r   t h e   s i g n a l   a v e r a g i n g   t e c h n i q u e   c a n  be 
e s t a b l i s h e d  by de te rmin ing   t he  number of   averages   needed   to   acqui re  
a c c u r a t e   d a t a   s i n c e   t h e   s i g n a l - t o - n o i s e   r a t i o  improvement is 
p r o p o r t i o n a l   t o   t h e  square r o o t  of t h e  number  of impulse  samples  
ave raged .   Fo r   comple t eness   t h i s   t heo ry   has   been   expe r imen ta l ly  
v e r i f i e d .   I n   t h i s   e x p e r i m e n t ,   w h i t e   n o i s e   o f  a c e r t a i n  r.m.8 v a l u e  was 
a v e r a g e d   i n   t h e  time domain by d i f f e ren t .number   o f   ave rages   u s ing  a 
p e r i o d i c   p u l s e  as t h e   t r i g g e r i n g   s i g n a l .  The p lo t   be tween Log10 (r.m.8 
va lue  of t he   wh i t e   no i se )   and   Log lo  (number  of  averages) is  a s t r a i g h t  
l i n e   w i t h  a s l o p e  of -1/2 (see f i g u r e  4.24) which   agrees   wi th   the   above  
theo ry ,   ( i . e . ,   f o r   example ,  100 a v e r a g e s   r e d u c e   t h e   n o i s e   l e v e l  by IO 
d R ) .  F o r   d i f f e r e n t   s a m p l e s  of w h i t e   n o i s e   w i t h   d i f f e r e n t   i n i t i a l  r.m.s 
va lues ,  similar p l o t s   c a n   b e   g e n e r a t e d   w i t h   t h e  same s lope .  
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T h e r e f o r e ,   t o   d e t e r m i n e   t h e  number of ave rages   needed   fo r  a 
p a r t i c u l a r   f l o w   c o n d i t i o n ,  i t  i s  n e c e s s a r y   t o   f i n d   o u t   t h e  r.m.s level 
o f   t h e   f l o w   n o i s e  in t h e   a b s e n c e   o f   i n t e r n a l   s i g n a l   ( i . e .   i m p u l s e   i n  
t h i s  case) and   t he  r.m.s. v a l u e  of the background  noise .  Using these 
two r.m.s. v a l u e s   t h e  number of a v e r a g e s   n e e d e d   t o   r e c o v e r   t h e  signal up 
t o   t h e   l e v e l   o f   b a c k g r o u n d   n o i s e   c a n   b e   d 2 t e n n i n e . d   e i t h e r   f r o m   t h e   p l o t  
shown i n   f i g u r e  4.24 o r  by u s i n g   t h e   f o l l o w i n g   r e l a t i o n s h i p .  

r.m.s v a l u e  of t h e   f l o w   n o i s e  

r.m.s va lue   o f  t h e  background  noise  
fi = _""""""""""""""""""""" ( 4 . 1 7 )  

where m i s  t h e   r e q u i r e d  number  of  averages.   The  background  noise in t h i s  
c a s e  I s  r e f e r r e d   t o   t h e   i n s t r u m e n t a t i o n   n o i s e   i n h e r e n t   w i t h   t h e   s y s t e m .  
I n  some s i t u a t i o n s ,   t h e   i n t e r n a l   s i g n a l  may b e   a n   i n t e g r a l   p a r t   o f   t h e  
f l o w   n o i s e .   F o r   e x a m p l e ,   i n   a n   a c t u a l   a i r c r a f t   e n g i n e   t h e   i n t e r n a l  
n o i s e  is  gene ra t ed   due   t o   va r ious   componen t s   o f   t he   runn ing   eng ine .  In 
t h i s   c a s e   t h e  r.m.s. v a l u e  of t he   mixed   no i se   can   be   u sed  i n  e q u a t i o n  
( 4 . 1 7 )  instead  of   f low  noise .   The  number  of   averages  thus  determined 
w i l l  be   h ighe r   t han   t he   r equ i r ed  number  of  averages. 

The   equat ion  (4 .17 )  p r o v i d e s   t h e  numher of s i g n a l   a v e r a g e s   r e q u i r e d  
t o   r e c o v e r  a s i g n a l   t o   t h e  maximum p o s s i b l e   e x t e n t   f r o m   t h e  
con tamina t ing   no i se .   However ,   i n   p rac t i ce ,   one  may n o t   u s e   t h a t  many 
a v e r a g e s   f o r   t h e   s i g n a l   r e c o v e r y .  Most of t h e   n o i s e  is e l imina ted   by  
u s i n g  a v e r y   f e w   a v e r a g e s ,   s i n c e   t h e   s i g n a l   r e c o v e r y  i s  v e r y   r a p i d  
d u r i n g   t h e   i n i t i a l   s i z n a l   a v e r a g i n g   p r o c e s s   a n d   t h e n   t h e   r e c o v e r y  
p r o c e s s   s l o w  down cons ide rab ly .   The re fo re ,  i t  i s  p o s s i b l e   t o   r e c o v e r  
t h e   s i g n a l  w i t h  i n s i g n i f i c a n t  amount of con tamina t ion  by app ly ing  a 
smaller number of s i g n a l   a v e r a g e s   t h a n   t h a t   p r e d i c t e d  by e q u a t i o n  
(4 .17) .  

T h i s   b e h a v i o r  i s  demons t r a t ed   he low  by   app ly ing   d i f f e ren t  number  of 
a v e r a g e s   t o  a s igna l   Eene ra t ed  by s u p e r i m p o s i n g   w h i t e   n o i s e  on a t r a i n  
o f   s h a r p   p u l s e s   r e p e a t e d   w i t h  a f i x e d  time i n t e r v a l .  In t h i s   e x a m p l e ,  
t h e   s p e c t r a l   c o n t e n t  of t h e   w h i t e   n o i s e  was much h i g h e r   t h a n   t h a t   o f   t h e  
p u l s e   ( s e e   f i g u r e  4 . 2 5 ) .  S i n c e   t h e   s p e c t r a l   d i s t r i b u t i o n  of the   wh i t e  
no ise   sample  was n o t   s m o o t h ,   t h e   s p e c t r a   f o r   b o t h   t h e   w h i t e   n o i s e   a n d  
t h e  pulse ,  were numerically  smoothed  and are  p r e s e n t e d   i n   f i g u r e  4.26 f o r  
a b e t t e r   v i s u a l   d i s p l a y .  Then t h e   h i g h l y   c o n t a m i n a t e d   s i g n a l  was 
ave raaed   by   d i f f e ren t  number of ave rages .   The   co r re spond ing   spec t r a l  
d i s t r i b u t i o n s   ( n u m e r i c a l l y   s m o o t h e d )  are shown i n   f i g u r e  4.27. I t  is  
r e m a r k a b l e   @ h a t   a f t e r  6 4  a v e r a g e s   t h e   s p e c t r a l   d i s t r i b u t i o n   o f   t h e  
s i g n a l  is q u i t e   c l o s e   t o   t h a t  of t h e   c l e a n   s i g n a l .  However, t h e   f i n a l  
recovery  i s  a c h i e v e d   a f t e r   a v e r a g i n g   t h e   c o n t a m i n a t e d   s i g n a l  by 4096 
times . 

The g u i d e l i n e s   f o r   s i g n a l   a v e r a g i n a ,  as  e s t a b l i s h e d   a b o v e   f o r  
h y p o t h e t i c a l   c o n d i t i o n s ,  were then   fo l lowed   t o   r ecove r   t he   i nduc t   and  
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f a r - f i e l d   s i g n a l s   i n  real tes ts  conducted a t   v a r i o u s  j e t  f low Mach 
numbers f o r  a s t r a i g h t   d u c t   a n d   f o r  a c o n i c a l   n o z z l e .  To e s t a b l i s h  
whether  or not   one   needs   d i f fe ren t   number  of a v e r a g e s   f o r   f a r - f i e l d  
s i g n a l s   a t   d i f f e r e n t   p o l a r   a n g l e s   ( f o r  a f i x e d   f l o w   c o n d i t i o n ) ,   t h e  
averaging   procedure  was c a r r i e d   o u t   f o r   s e v e r a l   s i g n a l s   r e c o r d e d  a t  
d i f f e r e n t   p o l a r   a n g l e s .  A f low Mach number of  0.6 f o r  the 6.2 cm 
d iame te r   nozz le  w a s  c h o s e n   f o r   t h i s  exercise. T h e   f a r - f i e l d   s i g n a l  a t  a 
p o l a r   a n g l e   o f  60 d e g r e e s  was a v e r a g e d   u s i n g   d i f f e r e n t  number of samples 
and t h e   r e s u l t a n t  time h i s t o r i e s  are  p r e s e n t e d   i n   f i g u r e   4 . 2 8 ( a ) .  I t  is 
c l e a r l y   s e e n   t h a t   t h e  j e t  mixing   no ise   super imposed  on t h e   s i g n a l  
r e d u c e s   w i t h   i n c r e a s i n g  number  of ave rages .   Af t e r   1024   ave rages   t he re  
is l i t t l e  improvement  observed i n   t h e   s i g n a l  by i n c r e a s i n g   t h e   a v e r a g e s  
t o  4096. I n   o t h e r   w o r d s ,  by apply ing   1024  averages   the  random j e t  n o i s e  
l eve l   mus t   have   r educed   t o  the background   no i se   l eve l ,   and   hence ,   t he re  
was no f u r t h e r  improvement   by   increas ing   the  number of averages.   The 
s p e c t r a l   d i s t r i b u t i o n  of t h e s e   s i g n a l s  is  p r e s e n t e d   i n   f i g u r e   4 . 2 8 ( b ) .  
T h e   s p e c t r u m   f o r   t h e   s i g n a l   w i t h  1024 a v e r a g e s   c o i n c i d e s   w i t h   t h e  
spec t rum  o f   t he   s igna l   w i th   4096   ave rages   wh ich   a l so   i nd ica t e s   t ha t  
t h e r e  i s  no f u r t h e r   i m p r o v e m e n t   i n   t h e   s i g n a l - t o - n o i s e   r a t i o   b y  
i n c r e a s i n g   t h e  number of ave rages  beyond  1024. 

To i l l u s t r a t e   t h e   e f f e c t  of e d i t i n g  on t h e   z e r o   l e v e l   e x t e n s i o n s  of 
t h e   p u l s e ,   t h e  j e t  mixing   no ise   f rom  these   pu lse   ex tens ions  was zeroed 
out  from  each o f  t h e   s i g n a l s  shown i n   f i g u r e   4 . 2 8 ( a ) .   T h e   e d i t e d  
s i g n a l s   a r e  shown i n  f i g u r e   4 . 2 8 ( c ) ,  and the   co r re spond ing   spec t rum of 
e a c h   e d i t e d   p u l s e  i s  p l o t t e d   i n   f i g u r e   4 . 2 8 ( d ) .  I t  i s  i n t e r e s t i n g   t o  
n o t e   t h a t   t h e   s p e c t r a l   d i s t r i b u t i o n  of t h e   p u l s e   w i t h  lesser number of 
a v e r a g e s   ( f o r   e x a m p l e ,   6 4   a v e r a g e s )   w i t h   e d i t i n g   a g r e e s  w e l l  w i t h   t h a t  
o f   t he   pu l se   w i th   h ighe r  number of ave rages   ( fo r   example ,  4096 
a v e r a g e s ) .   T h i s  i n d i c a t e s  t h a t   a f t e r  a few  averages   the   in f luence   o f  
j e t  mixing   no ise  i s  l a r g e l y   e l i m i n a t e d   f r o m   t h e   m a i n   p u l s e   ( s i g n a l ) .  
However , t h e   e f f e c t  of t h e  j e t  mixing   no ise   remains   on ly  on t h e   z e r o  
l e v e l   e x t e n s i o n s   o f   t h e   p u l s e   a n d  i s ,  t h e r e f o r e ,  removed by t h e   e d i t i n g  
p rocess   (w i thou t   i n t roduc ing   any   e r ro r . )   In  summary, t h e r e f o r e ,   w i t h   a n  
optimum  number of ave rages  and w i t h   t h e   e d i t i n g   p r o c e s s   d e s c r i b e d   a b o v e ,  
i t  i s  p o s s i b l e   t o   r e c o v e r   t h e   s i g n a l   a c c u r a t e l y   f r o m   t h e   b a c k g r o u n d  
n o i s e   w i t h  a fewer   number  of   averages  compared  to   that   der ived  f rom 
equa t ion   (4 .17 ) .  

S i m i l a r   r e s u l t s  were a l s o   o b t a i n e d   f o r   t h e   s i g n a l s  a t  p o l a r   a n g l e s  
of  90 degrees   and  120  degrees .   These are shown i n   f i g u r e s  4.29  and 
4.30, r e s p e c t i v e l y .  It was f o u n d   t h a t   f o r   e a c h   o f   t h e s e   p o l a r   a n g l e s  
t h e  number  of  averages  required to r e c o v e r   t h e   s i g n a l  i s  more o r  less 
t h e  same - 1024). 

Now t o   d e t e r m i n e   t h e   e f f e c t  of f low  condi t ion  on  the  number  of  
a v e r a g e s   r e q u i r e d   t o   r e c o v e r  a p u l s e ,  a s i m i l a r  exercise w a s  c a r r i e d   o u t  
w i t h   a n o t h e r  j e t  f low Mach number, MJ = 0.8). T h i s   e x e r c i s e  was 
r e p e a t e d   o n l y   f o r   o n e   p o l a r   a n g l e ,  e = 90°. In t h i s  case i t  w a s  found 
tha t  more   ave rages   a r e   needed   t o   r ecove r  the s i g n a l  compared t o  the case 
wi th   f l ow Mach number of 0.6.  The time h i s t o r i e s   w i t h   1 0 2 4   a n d  4096 

87 



b 1 0  ms 4 64 
t l M F  

-50 1 
L O  1.0 L E  3.0 4.0 s o  o.m 7.m am 

FREQUENCY, KHZ 

I " 04 I 
-50 1 

0.0 l . O  2.0  3.0 4.0 so 0.0 7.0 am 
FREQUENCY. KHZ 
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Figure  4.30 E f f e c t  o f  number o f   s igna l   ave rages  on f a r - f i e l d   s i g n a l   f o r  a 6.2 cm d iameter   con ica l  
n o z z l e   a t  8 = 120' and MJ = 0 . 6 ;   ( a )   t i m e   h i s t o r i e s   w i t h   d i f f e r e n t  number o f  s i g n a l  
averages,  (b)   sound  pressure  level   spectra o f  the   pu lses  shown i n  (a)   (numer ica l ly  
s m o o t h e d ) ,   ( c )   e d i t e d   t i m e   h i s t o r i e s   a f t e r   a p p l y i n g   d i f f e r e n t  number o f  s i g n a l  
averages,  (d)   sound  pressure  level   spectra o f  t h e   e d i t e d   p u l s e s  shown i n   ( c ) .  



a v e r a g e s   a r e  shown i n   f i g u r e   4 . 3 1 ( a ) .  It can be c l e a r l y  se'en t h a t   t h e  
time h i s t o r y   w i t h  4096  averages i s  c l e a n e r   t h a n   t h a t   w i t h   1 0 2 4   a v e r a g e s .  
Pe rhaps   t he   s igna l - to -no i se   r a t io  would  have inc reased   even   fu r the r  by 
i n c r e a s i n g   t h e  numher of averages  beyond 4096.  However, t h e  FFT 
a n a l y z e r  (SD360) p u t s  a limit on t h e  maximum numher o f   a v e r a g e s   t o  4096. 
S imi l a r   conc lus ions   can   a l so   he   d rawn   f rom  the   spec t r a l   p lo t s   o f   t he  
co r re spond ing   s igna l s   w i thou t   and   w i th   ed i t i ng  as shown i n   f i g u r e s  
4.31(b)  and  4.31(d),   respectively.  Here, the s p e c t r a l   d a t a   w i t h  1024 
averages   do   no t  aRree t o o  well w i th   t hose   w i th  4096 ave rages  even when 
t h e   e d i t i n g  w a s  a p p l i e d   t o   t h e   s i g n a l s .  

To sum u p ,   f o r  a g iven  t e s t  c o n d i t i o n ,   t h e  number of s i g n a l  
a v e r a g e s   n e e d e d   t o   r e c o v e r   t h e   s i g n a l s  must  be  determined by app ly ing  
d i f f e r e n t  number of averages   to   the   s igna l   f rom  one   microphone   channel ,  
w h i c h   h a s   l o w e s t   s i g n a l   t o   n o i s e   r a t i o   a n d   t h e n   t h e   s i g n a l s   f r o m   o t h e r  
microphone  channels  should  be  averaged by t h i s   p r e d e t e r m i n e d  number of 
averages .  

4.7 CONCLTISIONS 

An improved   impu l se   t echn ique ,   u s ing   an   e l ec t roacous t i c   d r ive r  
i n s t e a d  of a spark d i scha rge   sou rce   fo r   measu r ing   t he   acous t i c  
p r o p e r t i e s  of a duc t /nozz le   sys t em,   w i th  and  without   f low,   has   been 
p resen ted   i n   t h i s   s ec t ion .   The   fo l lowing   conc lus ions   can   be   d rawn   f rom 
t h e   r e s u l t s   p r e s e n t e d   i n   t h i s   s e c t i o n .  

( 1 )   S i g n a l   s y n t h e s i s  is success fu l ly   u sed   t o   gene ra t e  a d e s i r e d  
s h a r p   p u l s e   ( a )   f o r  a s inEle-s t ream  duct   system  with  one-driver   source 
a t  t h e   c e n t e r l i n e   o r  a m u l t i p l e   d r i v e r   s o u r c e ,  and ( b )  € o r   a n   a n n u l a r  
duc t   sys tem  wi th  a m u l t i p l e   d r i v e r   s o u r c e .  

( 2 )  S igna l   averaginR  process  i s  a powerful means to   min imize  
background  noise. 

( 3 )  S i g n a l   e d i t i n g   a s   o p p o s e d   t o   s i g n a l   a v e r a g i n g  i s  no t  a 
s u i t a b l e  means to   recover   the   s igna l   f rom  the   hackground  no ise  when t h e  
s i g n a l - t o - n o i s e   r a t i o  is  low. 

( 4 )  S p e c t r a l   a v e r a g i n g   d o e s   n o t   i m p r o v e   t h e   s t a t i s t i c a l   a c c u r a c y  
o f   t h e   s p e c t r a l   r e s u l t s  when i d e n t i c a l   s i g n a l s   a r e   g e n e r a t e d  and are 
s i g n a l   a v e r a g e d   i n  time domain t o  remove t h e  random noise .  

( 5 )  Numer ica l ly   smoo thed   spec t r a l   da t a   r ep resen t   an   ove ra l l  
s p e c t r a l   b e h a v i o r .   S i n c e   l a r g e r   f l u c t u a t i o ' n s  i n  t h e   s p e c t r a l  
d i s t r i b u t i o n   a r e   e l i m i n a t e d  by numer ica l   snooth ing ,   such  a 
r e p r e s e n t a t i o n  is  u s e f u l  when d a t a   f o r   d i f f e r e n t   f l o w   c o n d i t i o n s   o r  
c o n f i g u r a t i o n s  are t o  be  compared. 

( 6 )  Any extraneous  noise   superimposed  on the s i g n a l   r e d u c e s   w i t h  
i n c r e a s i n g  number  of  averages. 
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F i g u r e  4.31 E f f e c t   o f  number o f   s i g n a l   a v e r a g e s   o n   f a r - f i e l d   s i g n a l   f o r  a 6.2 cm d iameter   con ica l  
n o z z l e   a t  0 = 90"  and M J  = 0.8;  ( a )   t i m e   h i s t o r i e s   w i t h   d i f f e r e n t  number o f   s i g n a l  
averages ,   (b )   sound  p ressure   leve l   spec t ra   o f   the   pu lses  shown i n  (a )  ( n u m e r i c a l l y  
s m o o t h e d ) ,   ( c )   e d i t e d   t i m e   h i s t o r i e s   a f t e r   a p p l y i n g   d i f f e r e n t  number o f   s i y n a l  
ave rages ,   (d )   sound   p ressu re   l eve l   spec t ra   o f   t he   ed i ted   pu l ses  shown i n   ( c ) .  



(7)  The g u i d e l i n e . t o   d e t e r m i n e   t h e  number o f   s igna l   ave rages  
needed fo r   comple t e   e l imina t ion  of noise  can  be  expressed as fol lows:  

T h i s   r e p r e s e n t s   t h e   p o i n t  of d i m i n i s h i n g   r e t u r n s   f o r   r e d u c i n g   t h e   n o i s e  
by s igna l   ave rag ing   and  is  an  upper limit. The a c t u a l  number  of 
averages  needed  to  make the   no i se  smaller r e l a t i v e   t o   t h e   s i g n a l   ( p u l s e )  
depends on t h e   r a t i o  of t h e   s i g n a l   t o   t h e   n o i s e   a n d   t h e   e x t e n t   o f  
accuracy   needed   for   the   resu l t .   For   example ,   f rom  f igure  4.27, t h e  
n o i s e  i s  about 2 0  dB above   t he   c l ean   s igna l .   Th i s  i s  a r a t i o  of   noise  
t o   s i g n a l  of 100. Thus 100 averages are needed to r educe   t he   no i se  
l e v e l   t o   t h a t  of t h e   s i g n a l .  Some more averaging i s  needed  to  reduce 
t h e   n o i s e  level  f u r t h e r  down compared to the   s igna l   depending  upon 
the  accuracy  requirement .  

(8) I n   p r a c t i c e ,  of a lesser number of signal  averages  (compared 
t o   t h e   r e q u i r e d  number  of averages)  followed by s i g n a l   e d i t i n g   a l l o w s   a n  
adequate   recovery of the   s igna l   even   under   severe   condi t ions .  
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5.0 IN-DUCT ACOUSTIC POWER MEASUREMENTS 

T h e   r a d i a t e d   s o u n d   p o w e r   i n   t h e   f a r   f i e l d ,  W f ,  c a n   b e   c a l c u l a t e d  by 
i n t e g r a t i n g   t h e   m e a s u r e d   f a r - f i e l d   s o u n d   i n t e n s i t y   o v e r  a s p h e r e   o f  
p o l a r   r a d i u s  R,, as d i s c u s s e d   i n   s e c t i o n  3 .  Yowever, t h e   d e t e r m i n a t i o n  
of the   induct   sound  power ,   namely ,  the  i n c i d e n t   o r   t h e   r e f l e c t e d   p o w e r ,  
i s  n o t  so s i m p l e  clue t o   t h e   f o l l o w i n g   r e a s o n s :   ( a )   t h e   d u c t   s o u n d   f i e l d  
i s  c r i t i c a l l y   s e n s i t i v e   t o   b o t h   d u c t  mode s t r u c t u r e   a n d   s o u r c e   p o s i t i o n ,  
( b )   t h e   m e a n - s q u a r e   p r e s s u r e   d o e s   n o t   h a v e   a n y   s i m p l e ,   u n i v e r s a l  
r e l a t i o n s h i p   t o   t h e   a c o u s t i c   p o w e r ,   ( c )   t h e   m e a n - s q u a r e   p r e s s u r e   i n  
r e l a t i v e l y   s h o r t   d u c t s  may be   domina ted   by   con t r ibu t ions   f rom  cu t -o f f  
modes ,   (d)   bo th  wal l  ( a n d   t e r m i n a t i o n )   a c o u s t i c   a b s o r p t i o n   a n d   e f f e c t i v e  
i n t e r n a l   s o u r c e   i m p e d a n c e  may d e t e r m i n e   t h e   r e s p o n s e   n e a r  a cu t -on  
f r e q u e n c y ,   a n d   ( e )   h i g h e r   o r d e r  modes c a n   e a c h   c a r r y  as much a s   f o u r  
times t h e   p l a n e  wave mode a c o u s t i c   p o w e r   f o r   p o i n t   s o u r c e   a n d   c a n   b e  
h i g h e r   f o r   o t h e r   t y p e   o f   s o u r c e s   ( r e f .  1 6 ) .  A s i n g l e - p o i n t   i n d u c t  
m e a s u r e m e n t ,   t h e r e f o r e ,  may n o t   b e   a d e q u a t e   t o   a c c o u n t   f o r   t h e   m o d a l   p o w e r  
c o n t r i b u t i o n s   d u e   t o   t h e   h i g h e r   o r d e r   m o d e s .   T h e r e f o r e ,   f o l l o w i n g   t h e  
r e f i n e m e n t   o f   t h e   a c o u s t i c   i m p u l s e   t e c h n i q u e  as d e s c r i b e d   i n   s e c t i o n  4 ,  
an   expe r imen ta l   p rog ram w a s  c a r r i e d   o u t  t o  d e t e r m i n e   t h e   p r o p e r   p r o c e d u r e  
f o r   m e a s u r i n g   t h e   a c o u s t i c   p o w e r   i n  a d u c t .   T h e   a c o u s t i c   p o w e r   f o r   b o t h  
i n c i d e n t   a n d   r e f l e c t e d   s o u n d   f i e l d s ,   f o r   c i r c u l a r   d u c t s   a n d   a n n u l a r   d u c t s  
w i t h   a n d   w i t h o u t   n o z z l e s ,   w a s   e x a m i n e d  a t  v a r i o u s   f l o w   c o n d i t i o n s .  

T h e r e   h a s   b e e n  a c o n s i d e r a b l e   i n t e r e s t   r e c e n t l y   i n   t h e   m e a s u r e m e n t  
o f   a c o u s t i c   i n t e n s i t i e s ,   r a t h e r   t h a n   s i m p l y   s o u n d - p r e s s u r e   l e v e l s ,   s i n c e  
t h e   m e a n - s q u a r e   p r e s s u r e   d o e s   n o t   h a v e   a n y   s i m p l e ,   u n i v e r s a l  
r e l a t i o n s h i p   t o   t h e   a c o u s t i c   i n t e n s i t y .  The i n t e n s i t y   m e a s u r e m e n t s  
i n d i c a t e   n o t   o n l y   t h e   n o i s e   l e v e l ,   b u t  a l s o  t h e   d i r e c t i o n   i n  which 
a c o u s t i c   e n e r g y  i s  f l o w i n g .   T h e r e f o r e ,  a knowledge OE the i n t e n s i t y   c a n  
h e   u s e f u l   i n   l o c a t i n g   n o i s e   s o u r c e s .   F u r t h e r m o r e ,   i n   n o i s e   e m i s s i o n  
s t a n d a r d s   a n d   s p e c i f i c a t i o n s ,   t h e   t o t a l   a c o u s t i c   p o w e r   o u t p u t   o f  a 
s o u r c e  i s  of i n t e r e s t .  The   acous t ic   power  i s  s imply  a s u r f a c e   i n t e g r a l  
o f  t h e   i n t e n s i t y .  

T h e   m o s t   p r o m i s i n g   t e c h n i q u e   f o r   m e a s u r i n g   t h e   a c o u s t i c   i n t e n s i t y  
i n v o l v e s   t h e   s i m u l t a n e o u s   m e a s u r e m e n t   o f   t h e   s o u n d   p r e s s u r e  a t  two 
p o i n t s   s e p a r a t e d   s l i g h t l y   i n   s p a c e   ( r e f .  1 7 ) .  T h i s  i s  accomplished  by 
means of t w o   m i c r o p h o n e s .   T h e   a c o u s t i c   i n t e n s i t y   c a n   b e   r e l a t e d  
m a t h e m a t i c a l l y   t o   t h e   i m a g i n a r y   p a r t   o f   t h e   c r o s s - s p e c t r a l   d e n s i t y  
b e t w e e n   t h e  two m i c r o p h o n e   s i g n a l s ,   w h i c h   i n   t u r n   c a n   b e   c o m p u t e d  
e l e c t r o n i c a l l y   ( r e f .  18).  

Though the  two-microphone  technique seems t o   b e   c a p a b l e  of 
m e a s u r i n g   t h e   l o c a l   i n t e n s i t y ,  i t  h a s   s e v e r a l   p r o b l e m s   w h i c h  make i t  
v e r y   d i E f i c u l t   t o   u s e  i t  i n  p r a c t i c e .   S t a t i s t i c a l   e r r o r s   ( r e f .  19) and 
e r r o r s   d u e   t o   f i n i t e   s e p a r a t i o n   d i s t a n c e   b e t w e e n   t h e  two  microphones 
( r e f .  20) seem t o   b e   q u i t e   s e v e r e ,   s p e c i a l l y   a t   l o w   f r e q u e n c i e s .  

M o r e o v e r ,   t o   d e t e r m i n e   t h e   a c o u s t i c   p o w e r   i n  a d u c t ,  i t  would  be 

94 



n e c e s s a r y   t o   m e a s u r e   t h e   i n t e n s i t i e s  a t  v a r i o u s   l o c a t i o n s ,   b o t h   i n  a 
r a d i a l  and  azimuthal.   This would make the   p rob lem  ve ry   d i f f i cu l t .  
F i n a l l y ,   i n  several a p p l i c a t i o n s ,   f o r   e x a m p l e ,   i n   a i r c r a f t   n o i s e  
problems, i t  would  be of i n t e r e s t   t o   e x t e n d .   t h i s   t y p e  of measurement t o  
a case in   wh ich   t he re  i s  a mean background  flow.  Unfortunately a 
complete  knowledge of t h e  t i m e  h i s t o r i e s  of the   p ressure   and  of t h e  
p r e s s u r e   g r a d i e n t  i s  no t   enough   t o   de t e rmine   t he   acous t i c   i n t ens i ty  a t  a 
p o i n t   i n   t h e   p r e s e n c e  of mean f low  ( r e f .  21) .  

In t h e   p r e s e n t   s t u d y ,   t h e r e f o r e ,   a n   a l t e r n a t e  method has  been 
developed  to   measure  the  acoust ic  power i n s i d e  a s ingle-s t ream  or  
annular-s t ream  duct  when t h e   d i r e c t i o n  of ene rgy   f l ux  i s  known o r  when 
t h e  power i n  a d e s i r e d   d i r e c t i o n  i s  r e q u i r e d .   I n   t h i s  method s e v e r a l  
r a d i a l  and  azimuthal  pressure  measurements are made and us ing   t hese  
complex p r e s s u r e   d a t a   t h e  modal con ten t  of t h e   p r e s s u r e   f i e l d  i s  
de termined .   Therefore ,   the   acous t ic  power due  t o   e a c h   i n d i v i d u a l  mode 
and a l s o   t h e i r   t o t a l  sum are de r ived .   Moreove r ,   t he   va l id i ty  of s i n g l e  
poin t   p ressure   measurements   to   de te rmine   the   acous t ic  power i s  a l s o  
examined. 

The exper imenta l   p rocedure   and   da ta   ana lys i s   p rocess   a re   descr ibed  
i n   s e c t i o n  5.1. The r a d i a l  and az imutha l   va r i a t ion  of the   induct  
p r e s s u r e   f i e l d ,   f o r   b o t h   s i n g l e   a n d   a n n u l a r   s t r e a m s ,  i s  examined  and t h e  
r e s u l t s   a r e   p r e s e n t e d   i n   s e c t i o n  5.2. The  mathematical   approach  for  the 
modal decomposition of induct   acoust ic   power,  and t h e   r e s u l t s  of modal 
decompos i t ion   a r e   p re sen ted   i n   s ec t ion  5.3. F ina l ly ,   t he   impor t an t  
obse rva t ions  are  summarized i n   s e c t i o n  5.4 .  

c 
5.1 EXPERIMENTAL  PROCEDIJRE AND DATA ANALYSIS 

The o b j e c t i v e  of t h i s  s t u d y  was to   de te rmine   the  spa t i a l  
d i s t r i b u t i o n  of t h e   i n d u c t   p r e s s u r e   f i e l d .  To a c h i e v e   t h i s   g o a l   a n  
i n d u c t   p r e s s u r e   f i e l d   s u r v e y  was needed.   For   the  s ingle   s t ream  duct ,  
where   the   az imutha l   var ia t ion  of t h e   i n d u c t   p r e s s u r e   f i e l d  w a s  assumed 
t o  be a b s e n t ,   o n l y   t h e   r a d i a l   v a r i a t i o n  of i n d u c t   p r e s s u r e   f i e l d  was 
obtained by t r a v e r s i n g  a probe  from wall t o   t h e   c e n t e r  of the   duc t   and  
by measur ing   bo th   the   inc ident   and   the   re f lec ted   pu lses  a t  s e v e r a l   r a d i a l  
l o c a t i o n s .  However, fo r   t he   annu la r   duc t ,   bo th   r ad ia l   and   az imutha l  
pressure   var ia t ions   were   ob ta ined .  To main ta in   the  same f low  cond i t ion  
dur ing   the   p ressure   survey ,  a six-point  measurement  probe was used f o r  
the   annular   duc t .   This   p robe ,  as d e s c r i b e d   i n   s e c t i o n  3 ,  can  measure 
pressure   s imul taneous ly  a t  s i x   r a d i a l   l o c a t i o n s .   S e v e r a l   s u c h  
measurements were taken a t  d i f f e r e n t   a z i m u t h a l   p o s i t i o n s .   T h e   d e t a i l s  
of the   measurement   t echnique   have   been   d i scussed   in   sec t ion  3. 

The  induct   p ressure  time h i s t o r i e s  a s  measured  by  the  probe were 
recorded on an   ana log   t ape   r eco rde r .   La te r   on   t hese   s igna l s  were played 
back  and  analyzed  on  an FFT a n a l y z e r  (SD-360) t o   d e r i v e  complex  pressure 
s p e c t r a   f o r   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e s   a t   e a c h   i n d u c t   m e a s u r e m e n t  
po in t .  The ampl i tudes  of t h e s e   r e s u l t s  were used   t o   de r ive   an  area- 
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weigh ted   p re s su re   va lue   i n   t he   duc t .  The  complex  pressures were used t o  
carry  out   the   modal   decomposi t ion  exercise .   In   addi t ion,   the   complex 
p res su res   cou ld   be   u sed   t o   de r ive   t he   complex   r e f l ec t ion   coe f f i c i en t   and  
the   r ad ia t ion   impedance   spec t r a .   S ince  the s igna l   averaging   process  was 
a p p l i e d   ( d i s c u s s e d   i n   s e c t i o n  4 ) ,  only  one  channel  could  be  analyzed a t  
a time us ing   t he  FFT a n a l y z e r  (SD-360). T h e r e f o r e ,   a n   i n d i r e c t  
procedure was u s e d   t o   d e r i v e   t h e  complex p r e s s u r e   s p e c t r a .  

I n   t h i s   p r o c e d u r e ,  as i l l u s t r a t e d   i n   f i g u r e   5 . 1 ,   o n c e   t h e   s i g n a l  
averaging   process  i s  completed i n   t h e   o u t p u t  memory of the  machine 
(SD-360) t he   ave raged   s igna l   (bo th   i nc iden t   and   r e f l ec t ed   pu l se s  as 
shown i n   f i g u r e   5 . l ( a ) )  i s  t r a n s f e r r e d   i n t o   t h e   i n p u t  memory of t h e  
machine  ( to  each of t h e  two channels ,  A & B ,  as shown i n   f i g u r e   5 . 1 ( b ) ) .  
The i n c i d e n t   p u l s e  of t h e   s i g n a l   i n   c h a n n e l  R and   t he   r e f l ec t ed   pu l se   o f  
t h e   s i g n a l   i n   c h a n n e l  A are  taken  out  by t h e   e d i t i n g   p r o c e s s   ( s e e   f i g u r e  
5.1(c)) .  Then t h e   i n c i d e n t   p u l s e  i s  r o t a t e d   i n  time domain by a f i x e d  
amount ( say  -c0) t o   a l i g n  i t  w i t h   t h e   r e f l e c t e d   p u l s e .  The r o t a t i o n  i s  
maintained same f o r  a l l  t h e   r a d i a l  and azimuthal   measurements   for  a 
given tes t .  Then ,   bo th   the   s igna ls  are r o t a t e d  by t h e  same amount t o  
h r i n g  them t o   t h e   c e n t e r  of the  scope. Then a complex   t r ans fe r   func t ion  
i s  obta ined   be tween  the   re f lec ted   and   the   inc ident   pu lses   ( see   f igure  
! j . l (d)) .  L e t  pri and @r-be t h e  pressure and   phase   t r ans fe r   func t ions  of 
t h e   r e f l e c t e d   p u l s e   w i t h   r e s p e c t   t o   t h e   i n c i d e n t   p u l s e   f o r  a given 
f requency ,   f .   Then ,   the   re f lec ted   pu lse  of chane l  B i s  removed and a 
d e l t a   f u n c t i o n  of a f ixed  ampli tude is c r e a t e d   i n   c h a n n e l  B ,  as shown i n  
f i g u r e   5 . l ( e )  a t  a f i x e d   l o c a t i o n   w i t h   r e s p e c t   t o   t h e   o r i g i n .   T h e n  a 
t r ans fe r   func t ion   be tween   t he   de l t a   func t ion   and   t he   i nc iden t   pu l se  is 
debived. L e t  p d i  and @di   be   t he   p re s su re   and   phase   t r ans fe r   func t ions  
of   the  del ta  f u n c t i o n   ( s i g n a l   c r e a t e d )   w i t h   r e s p e c t   t o   t h e   i n c i d e n t  
p u l s e   f o r   t h e  same frequency,   f .   Using  these  values   the  complex 
p r e s s u r e   f o r   t h e   f i x e d   d e l t a   f u n c t i o n   c a n   b e   d e r i v e d   w i t h   r e s p e c t   t o   t h e  
re f lec ted   pu lse   and   can   be   expressed   as   fo l lows:  

where  Pdr  and ($dr a re  t h e   p r e s s u r e  and p h a s e   t r a n s f e r   f u n c t i o n s  of the 
d e l t a   f u n c t i o n   w i t h   r e s p e c t   t o   t h e   r e f l e c t e d   p u l s e   f o r   t h e  same 
f requency   f .  

The  a b s o l u t e  pressure l e v e l   f o r   t h e   i n c i d e n t  and   t he   r e f l ec t ed  
pulses   can be der ived  using  pdi  and p a n d   t h e   a b s o l u t e   p r e s s u r e   l e v e l  
of  t h e   d e l t a   f u n c t i o n .  The  a b s o l u t e  $ase v a l u e s  are not   required.   The 
phase  difference  between  the  measurement   locat ions  with  respect   to   one 
representa t ive   loca t ion   can   eas i ly   be   ob ta ined   f rom  @di  and  @dr va lues  
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(a) S I G N A L   A F T E R   S I G N A L   A V E R A G I N G  
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F igu re  5.1 I l l u s t r a t i o n  of a procedure  to   der ive  complex  pressure 
s p e c t r a   a f t e r   a p p l y i n g   t h e  time domain  s ignal   averaging 
u s i n g   t h e  FFT ana lyzer  ( S O - 3 6 0 ) .  
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a t  d i f f e r e n t  measurement  locations.  For the  multi-point  measurement 
p robe ,   p rope r   ca l ib ra t ion  i s  used to   cor rec t   bo th   ampl i tude   and   phase  
da t a .  

The  complex r e f l e c t i o n   c o e f f i c i e n t   f o r  a given  measurement   locat ion 
can  be  obtained  using p r f ,  $,-i, fo , and  the   exac t   p ropagat ion  time of 
t he   i nc iden t   pu l se   f rom  the   p robe   l oca t ion  to t h e  ex i t  and  back.  LetTc 
be   the   exac t   p ropagat ion  time which i s  de r ived   u s ing   t he   phys i ca l   l eng th  
o f   t he   duc t -nozz le   sys t em  f rom  the   p robe   pos i t i on   t o   t he   ex i t ,   t he   son ic  
speed  and  the mean f low  ve loc i ty .  To ob ta in   t he   complex   r e f l ec t ion  
c o e f f i c i e n t ,   t h e   a c t u a l   p r o p a g a t i o n  time,fc, between  the  incident   and 
t h e   r e f l e c t e d   p r e s s u r e   p u l s e s   n e e d s   t o  be  removed.  However, t i m e T o  has  
a l ready  been removed between  these  pulses  by t h e   r e l a t i v e   r o t a t i o n  
p rocess   app l i ed   du r ing   t he   ana lys i s   t o   eva lua te   t he   complex   p re s su res .  
Therefore ,  a c o r r e c t i o n  on the   ( a l r eady)   de r ived   complex   t r ans fe r  
func t ion ,   p r i   and   $ , i ,   due   to  t h e  remaining time, ( T ~  - T ~ ) ,  needs  to   be 
a p p l i e d .  There i s  no e f f e c t  of t h i s   r e l a t i v e   r o t a t i o n   p r o c e s s   o n   t h e  
pressure   ampl i tude  pr T h e r e f o r e ,   t h e   c o r r e c t i o n  i s  made only  on  the 
phase   va lue   in   the   fof iowing  manner.  The  phase  change  due t o   r e l a t i v e  
time r o t a t i o n  i s  a f u n c t i o n  of frequency and i s  g iven  by 

A$ = 360fA~,   i n  Deg. 

f be ing   t he   f r equency   i n  Hz. T h e r e f o r e ,   t h e   a c t u a l   p h a s e   f o r   t h e  
complex r e f l e c t i o n   c o e f f i c i e n t  i s  given by 

I n   t h i s  manner ,   the   complex   re f lec t ion   coef f ic ien t  (pri  and  ($ri)c) i s  
f i n a l l y  de r ived .  

5 . ?  RADIAL  AND AZIMUTHAL V A R I A T I O N   O F   I N - D U C T   P R E S S U R E   F I E L D  

The induc t   sound   p re s su re   l eve l   spec t r a   and   t he   r e f l ec t ion  
coe f f i c i en t   ampl i tude   spec t r a   eva lua ted  a t  v a r i o u s   r a d i a l   l o c a t i o n s   f o r  
a s i n g l e   s t r e a m   d u c t ,  and v a r i o u s   r a d i a l  and a z i m u t h a l   l o c a t i o n s   f o r   a n  
a n n u l a r   d u c t , a r e   u s e d   t o   s t u d y   t h e  s p a t i a l  v a r i a t i o n  of the  induct   sound 
p r e s s u r e   f i e l d .  A l s o ,  t he se   da t a   a r e   u sed   t o   eva lua te   t he   co r re spond ing  
area-weighted   spec t ra .  T h e  area-weighted  value,  F,  of a f u n c t i o n ,  F,  
fo r   an   annu la r   duc t   w i th   i nne r  and o u t e r   r a d i i  of RI and RD, 
r e s p e c t i v e l y ,  i s  def ined   as  

L 

where   the   rad ia l   co-ord ina te ,  r ,  i s  measured  f rom  the  center  of t h e   d u c t  
and 0 i s  the   az imutha l   co -o rd ina te   ( s ee   f i gu re  5.2) .  For a f i n i t e  
number of measurements  equation (5.3) can  be rewrit ten a s   f o l l o w s :  
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TIere, Fij is t h e   v a l u e  of t h e   f u n c t i o n   F ( r , 8 )  a t  i t h   r a d i a l   l o c a t i o n  and 
j th   az imutha l   1oca t ion .N  and  L are t h e  number of r a d i a l  and  azimuthal  
measurements ,   respec t ive ly .  

Ar = ( r  - r ) / 2  f o r  l < i < N  i+ 1 i- 1 

Ar = R - ( r i  + ri- 1 ) / 2  f o r  i = N  I 
D 

and 

At3 = (ek+ - 8 ) / 2  f o r  a l l  va lues   o f  j 
k- 

where k+ = j+l and k = j -1  -1 

I f  k+ > L ,  then  k+ = j + l - L  

I f  k- < 1, then  k- = j - l + L  

I f  At3 0 ,  then  A0 = A0 + 27~ 

When the  azimuthal   measurements   are   taken a t  f i x e d   i n t e r v a l ,   t h e n  

271. 
A @  = - 

L (5.7) 

and  equat ion  ( 5 . 4 )  r educes   t o   t he   fo l lowing  form 

For a s i n g l e   s t r e a m   d u c t   w i t h   r a d i u s  RD, wi th   one  azimuthal  
measurement ( L becomes u n i t y )  , the   a rea-weighted   va lue   can  be expressed 
as fo l lows  : 

100 



The  func t ion  P c o u l d   h e   t h e   i n c i d e n t   p r e s s u r e ,   r e f l e c t e d   p r e s s u r e   o r   a n y  
o the r   acous t i c   pa rame te r .  

5.2.1 R a d i a l   V a r i a t i o n  of I n d u c t   P r e s s u r e   F i e l d   f o r  a Single   Stream 
Duct  and V a l i d i t y  of Single  Point  Measurement 

5.2.1.1 R a d i a l   T r a v e r s e  Mechanism 

Two d i f f e r e n t   t r a v e r s e   s y s t e m s  were f a b r i c a t e d   t o   s u r v e y   t h e   r a d i a l  
v a r i a t i o n   o f   t h e   i n d u c t   s o u n d   f i e l d .  A p i e z o e l e c t r i c   t r a n s d u c e r  
(Sundstrand C206 model) w a s  used i n   t h e   f i r s t   t r a v e r s e  mechanism ( s e e  
f igure   5 .3)   The   hexagonal   por t ion  of t h e   t r a n s d u c e r ,  1.6 c m  i n  
d i ame te r ,  was not   separable   f rom  the   p ressure   sens ing   par t .   Moreover ,  
t h e   l e n g t h  of the   t ransducer ,   3 .3  c m ,  w a s  no t   l ong   enough   t o   t r ave r se  
i n s i d e   t h e   1 0  cm d i a m e t e r   d u c t   t o   c o v e r   t h e   e n t i r e   r a d i a l   r a n g e  of 5 cm 
from  the wal l  t o   t he   cen te r .   The re fo re ,   t he   t r ansduce r  was placed 
i n s i d e  a me ta l l i c   t ube   ( s ee   f i gu re   5 .3 )  whose ou te r   d i ame te r  was 1.905 
cm. T h i s   e n t i r e   t u b e ,   h o l d i n g   t h e   t r a n s d u c e r ,   c o u l d   t r a v e r s e   f r o m   t h e  
i n n e r  surface of the   10  cm duc t   t o  i t s  cen te r .   The   po r t ion  of t h e  
t r a n s d u c e r   p r o j e c t i n g   o u t  of t h i s  1.905 c m  tube was 1.25 c m  long   wi th  a 
d i ame te r  of 1.1 cm. The re fo re ,  when the   p robe  was p r o j e c t e d  less than  
1.25 cm f rom  the   i nne r   su r f ace  of the  10 c m  d u c t ,  a c a v i t y  w a s  formed 
between  the  1.905 c m  hole   ( through  which  the  t raverse   mechanism was 
i n t r o d u c e d )   a n d   t h e   p o r t i o n  of t h e   t r a n s d u c e r   o u t s i d e   t h e  1.905 c m  
d iameter   tube .   Threaded   s leeves   wi th   appropr ia te   l engths  were made t o  
f i l l  u p   t h e s e   c a v i t i e s  when they were formed. 

The s i z e  of t h i s   t r a v e r s e  mechanism i n   r e l a t i o n   t o   t h e   d u c t  
d i ame te r  was q u i t e   l a r g e .  It was suspec ted   t ha t   t he   i nduc t   sound   f i e ld  
would  be h i g h l y   a f f e c t e d ,   e s p e c i a l l y   i n   t h e   p r e s e n c e  of f low,  when such 
a l a rge   p robe  was i n t r o d u c e d   i n t o   t h e   d u c t .  To  d e t e r m i n e   t h e   i n f l u e n c e  
of the   p resence  of t h i s   p robe  on the   induct   sound  f ie ld   and   to   have   an  
a l t e r n a t e  means t o   c a r r y   o u t   t h i s   t a s k ,   a n o t h e r   t r a v e r s i n g   p r o b e  was 
f a b r i c a t e d   u s i n g  a Knowles  microphone ( see   f i gu re   5 .4 ) .   The   t ube  on 
which  the  microphone was a t t a c h e d  was 0.3 c m  i n   d i a m e t e r .  A small nose 
cone   p rec i se ly  made f o r   t h e  Knowles  microphone was used .   Therefore ,  i t  
was expec ted   tha t   the   p resence   o f   th i s   p robe  would n o t   a f f e c t   t h e   i n d u c t  
sound f i e l d   a p p r e c i a b l y .  

5.2.1.2 Experiments 

Tests were c a r r i e d   o u t   u s i n g  a s t r a i g h t   d u c t   t e r m i n a t i o n   a n d  a 6.2 
c m  d i a m e t e r   c o n i c a l   n o z z l e   t e r m i n a t i o n  a t  va r ious   f l ow  cond i t ions .  The 
f l o w   c o n d i t i o n s   f o r   t h e   r e s p e c t i v e   t e r m i n a t i o n s  are o u t l i n e d   i n   T a b l e  
5.1. 
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10 CM D I A M E T E R   D U C T  
I S E T  SCREW 

\ \  / /  

Figure 5.3 Radial traverse  mechanism using a piezoelectric  pressure 
transducer  as  the sensing device. 
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F igure  5.4 Radia l   t raverse mechanism using  a  rninature Knowles 
microphone  as  the  sensing  device. 
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Table  5.1 T e s t   c o n d i t i o n s   t o   s u r v e y   t h e   r a d i a l   v a r i a t i o n  of  induct 
sound f i e l d   f o r   s . i n g l e  stream d u c t s  

TERMINAT I O N  J E T  FLOW MACH NUMBER 

Stra ight   Duct   Termina t ion  
(10 c m  d i a m e t e r )  

6.2 cm Diameter Conical  Nozzle 

0 ,  0.2 

0, 0.4, 0.6, 0.8 

In  each t e s t ,  induct  time h i s t o r i e s  were measured a t  n i n e   r a d i a l  
l o c a t i o n s ,   b e t w e e n   t h e   d u c t   s u r f a c e   a n d   t h e   c e n t e r ,   i n   s t e p s  of r / D  = 
0.0625, TI being  the  duct   diameter .   These  measurements  were taken  a t  a 
f i x e d   a x i a l   l o c a t i o n ,   a b o u t   7 6  c m  upstream  of   the  terminat ion.  Two sets 
of measurements were t a k e n   f o r   t h e   s t r a i g h t   d u c t   t e r m i n a t i o n   u s i n g   t h e  
two d i f f e r e n t   p r o b e s   d e s c r i b e d  ear l ie r ,  whereas a l l  t h e  tes ts  f o r   t h e  
nozz le   t e rmina t ions  were done  Ilsing  only  the  Knowles  microphone  probe. 
The  measured d a t a  were u s e d   t o   e v a l u a t e   t h e   i n c i d e n t   a n d   t h e   r e f l e c t e d  
s o u n d   p r e s s u r e   l e v e l   s p e c t r a   a n d   t h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a .  

5.2.1.3 Exper imen ta l   Resu l t s   fo r   t he   Duc t   Te rmina t ion   a t  No Flow 
Condit ion 

The r a d i a l   d i s t r i b u t i o n   a n d   t h e   a r e a - w e i g h t e d   s p e c t r a l   d a t a   f o r   t h e  
i n c i d e n t  and t h e   r e f l e c t e d   s o u n d   p r e s s u r e   l e v e l   f o r  a s t r a i g h t   d u c t  
terminat ion  measured by t h e  Knowles  microphone  probe a r e   p r e s e n t e d   i n  
f i g u r e  5.5. N e g l i g i b l e   d i f f e r e n c e  is  observed i n   t h e   s p e c t r a l   d a t a  
measured a t  v a r i o u s   r a d i a l   p o s i t i o n s ,  a t  least  up t o   a b o u t  3.5  KHz f o r  
t h e   i n c i d e n t   p r e s s u r e   f i e l d  and  up to   about  3 KHz f o r   t h e   r e f l e c t e d  
p r e s s u r e   f i e l d .  A small amount of r a d i a l   v a r i a t i o n   d o e s   e x i s t ,   f o r   t h e  
i n c i d e n t   p r e s s u r e   f i e l d ,  a t  h ighe r   f r equenc ie s .   However ,   t he   spec t r a l  
data  measured a t  r/D = 0.4375 ( i . e . ,   114   i nch   i n s ide   f rom  the   duc t   wa l l )  
co inc ide  wel l  w i t h   t h e   a r e a - w e i g h t e d   r e s u l t   ( s e e   f i g u r e   5 . 5 ( a ) ) .  Above 
3 m z  t h e   r a d i a l   v a r i a t i o n   o f   t h e   r e f l e c t e d   s o u n d   p r e s s u r e   l e v e l  i s  
s i g n i f i c a n t .  However, t he   a r ea -we igh ted   r e su l t s   do   no t   d i f f e r  
apprec i ab ly   f rom  the   spec t r a l   da t a   ob ta ined  a t  r/D = 0.4375 ( s e e   f i g u r e  
5 .5(b) ) .  

T h e s e   o b s e r v a t i o n s ,   f o r   b o t h   t h e   i n c i d e n t   a n d   t h e   r e f l e c t e d  
p r e s s u r e   f i e l d s ,  are f u r t h e r   d e m o n s t r a t e d   i n   f i g u r e  5.6 where   the  
i n c i d e n t  and t h e   r e f l e c t e d   s o u n d   p r e s s u r e  data a t   v a r i o u s   f r e q u e n c i e s  
are p l o t t e d   w i t h  respect t o   t h e   r a d i a l   d i s t a n c e ,  r / D ,  measured  from  the 
c e n t e r   t o   t h e   d u c t   s u r f a c e .  

To e s t a b l i s h   f u r t h e r   w h e t h e r   o r   n o t  a s ingle   po in t   measurement  i s  
adequa te   t o   de t e rmine   t he   r ad ia t ed  power W t ,  i t  i s  n e c e s s a r y   t o  
determine i t s  r e l a t i o n s h i p   w i t h   t h e   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e  
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pressu re   l eve l   spec t ra  and the  corresponding  area 
weighted  spectrum  measured by a Knowles  microphone for  
a 10 crn d i a m e t e r   s t r a i g h t   d u c t   t e r m i n a t i o n ,  MJ = 0.0. 

F igu re  5.5 R a d i a l   v a r i a t i o n  o f  (a )   inc ident  and (b)  r e f l e c t e d  sound 
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Figure 5.6 Radial variation of (a) incident and (b) reflected  sound pressure levels 
for a straight duct at various frequencies measured by a Knowles  microphone 
probe, MJ = 0.0, (dashed lines represent area  weighted levels). 



f i e l d s   i n   t h e   d u c t .  

The  radiated  power W t  f o r   t h e   p l a n e  wave mode can   be   expres sed  as a 
f u n c t i o n  of  power r e f l e c t i o n   c o e f f i c i e n t  0 as fo l lows :  

where 

Pi2 

( 5 . 1 0 )  

(5.11) 

I n   t h e s e   e x p r e s s i o n s  pD, cD and M D  are t h e  mean d e n s i t y ,   s o n i c  
speed. and f low Mach number i n s i d e   t h e   d u c t ,   r e s p e c t i v e l y .  A D  is  t h e  
d u c t   c r o s s - s e c t i o n a l   a r e a   a n d   t h e   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e s  are  
represented   by   p i   and   pr ,   respec t ive ly .  I n  the   absence   o f   f l ow  equa t ion  
( 5 . 1 0 )  r e d u c e s   t o   t h e   f o l l o w i n g   f o r m  

( 5 . 1 2 )  

Equa t ions  (5.10) and ( 5 . 1 2 )  i n d i c a t e   t h a t   t h e   r a d i a l   d i s t r i b u t i o n  
o f   t h e   r a d i a t e d  power   depends   upon  the   rad ia l   d i s t r ibu t ion   of   the  
i n c i d e n t   p r e s s u r e   p i  , and   t he  power r e f l e c t i o n   c o e f f i c i e n t  CI. Since  
t h e  r ad ia l  d i s t r i b u t i o n  of  pi as shown i n   f i g u r e  5.5(a) i n d i c a t e s   t h a t  
a s ingle-point   measurement  a t  a r a d i a l   l o c a t i o n  r/D = 0.4375 i s  n e a r l y  
t h e  same a s   t h e   a r e a - w e i g h t e d   i n c i d e n t   p r e s s u r e   f i e l d ,  i t  i s  n e c e s s a r y  
t o  examine  the r ad ia l  d i s t r i b u t i o n   o f  u t o   d e t e r m i n e   t h e   r a d i a l  
d i s t r i b u t i o n  of Wt. 

2 
2 

The r a d i a l   v a r i a t i o n  of t h e  power r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a  
and   the   a rea-weighted   spec t ra  are shown i n  f i g u r e  5 .7 .  A s  expected  f rom 
t h e   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e   p l o t s ,   a n   i n s i g n i f i c a n t   r a d i a l  
v a r i a t i o n   o f  CI o c c u r s  f o r  f r equenc ie s   up to   abou t  2 KHz. Beyond 2 KHz 
t h e   r a d i a l   v a r i a t i o n   o f  CI is  q u i t e   s i g n i f i c a n t .   H o w e v e r ,   t h e   r e f l e c t i o n  
c o e f f i c i e n t s   d e r i v e d  a t  r / D  = 0.4375 a r e  somewhat c l o s e   t o   t h e  area 
weighted   va lues .  A t  some f r e q u e n c i e s   t h e   d i f f e r e n c e   i n  CI between  the  
a rea-weighted   va lues   and   those   der ived  a t  r / D  = 0.4375 are q u i t e  
s i g n i f i c a n t .   H o w e v e r ,   a t   m o s t   o f   t h e s e   f r e q u e n c i e s   t h e   m a g n i t u d e s   o f  
t he   a r ea -we igh ted  0 and   t he   co r re spond ing  CI d e r i v e d  a t  r / D  = 0.4375 are 
much smaller t h a n   u n i t y   ( i n  dB ,   l ower   t han   ze ro   va lue ) .   The re fo re ,  as 
can   be   s een   f rom  equa t ion  ( 5 . 1 2 ) ,  t h e   e f f e c t   o f  (5 on  t ransmi   t ed   power ,  
W t ,  w o u l d   b e   i n s i g n i f i c a n t   f o r   s u c h   f r e q u e n c i e s  as long   a s   p i   measu red  
a t  r / D  = 0.4375 a g r e e s  well w i t h  i t s  a rea -we igh ted   va lue .   The re fo re ,  a 
s ing le   po in t   measu remen t  a t  r / D  = 0.4375 a t  t h i s  t e s t  c o n d i t i o n  seems t o  
be a d e q u a t e   i n   d e t e r m i n i n g   t h e   t r a n s m i t t e d   p o w e r  Wt. 

‘i 

T h e   r e s u l t s   d e r i v e d   f r o m   t h e   m e a s u r e m e n t s  made by t h e   p r e s s u r e  
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Figu re  5 . 7  R a d i a l   v a r i a t i o n   o f   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r u m  and the   cor respond ing  
area  weighted  spectrum  measured by a Knowles  microphone  for  a 10 cm 
d i a m e t e r   s t r a i g h t   d u c t ,  MJ = 0.0. 



t ransducer   probe are a l s o   p r e s e n t e d   i n   t h i s   s e c t i o n   i n   f i g u r e s  5.8 
th rough   5 -10 ,   s imi l a r   t o   t hose   p re sen ted   i n   f i gu res   5 .5   t h rough   5 .7 ,  
r e s p e c t i v e l y .   T h i s   s t u d y  w a s  c a r r i e d   o u t   t o   d e t e r m i n e   t h e   e f f e c t  of t h e  
p re s su re   t r ansduce r   p robe  on t h e   i n d u c t   s o u n d   f i e l d   s i n c e   t h e   s i z e  of 
t h i s   p r o b e  was q u i t e   l a r g e  compared to   the   duc t -d iameter .  The fol lowing 
o b s e r v a t i o n s   a r e  made f r o m   t h e   r e s u l t s   p r e s e n t e d   i n   f i g u r e s  5.8  through 
5 .lo: 

( l $  The r a d i a l   v a r i a t i o n  of t h e   i n c i d e n t  sound p r e s s u r e   l e v e l  i s  
i n s i g n i f i c a n t   u p t o   a b o u t  4 KHz. Beyond 4 KHz, a n   a p p r e c i a b l e   d i f f e r e n c e  
i s  observed  between  the  pressure  levels   measured a t  d i f f e r e n t   r a d i a l  
locations.   Moreover,   the  measurements a t  r / D  = 0.4375 do  not   agree w e l l  
w i t h   t h e   a r e a - w e i g h t e d   r e s u l t s   ( s e e   f i g u r e   5 . 8 ( a ) ) .   T h i s   b e h a v i o r  i s  
q u i t e   d i f f e r e n t  from  what i s  observed i n   f i g u r e   5 . 5 ( a )   w h e r e   t h e   r a d i a l  
v a r i a t i o n  of t h e   i n c i d e n t   p r e s s u r e   l e v e l s   o b t a i n e d  by using a Knowles 
microphone  probe i s  small and t h e   r e s u l t s   d e r i v e d  a t  r / D  = 0.4375 agree  
w e l l  wi th   the  area-weighted  values .   Since  the Knowles microphone  probe 
was s m a l l e r   i n   d i m e n s i o n ,   t h e   i n d u c t   p r e s s u r e   f i e l d  w a s  no t   expec ted   t o  
be   a f f ec t ed   ve ry  much. T h e r e f o r e ,   t h e   i n c i d e n t   p r e s s u r e   r e s u l t s  
obtained by us ing   t he   p re s su re   t r ansduce r   p robe ,   e spec ia l ly   fo r   h ighe r  
r / D  va lues ,  are  af fec ted   due   to   the   l a rge   d imens ion  of the  probe.  

( 2 )  The r a d i a l   v a r i a t i o n  o f   t he   r e f l ec t ed   sound   p re s su re   l eve l  is 
a lmost   negl ig ib le   up to   about  2 KHz as shown i n   f i g u r e   5 . 8 ( b ) .  Beyond 
t h i s   f r e q u e n c y ,   s i g n i f i c a n t   r a d i a l   v a r i a t i o n  is obse rved   fo r   t he  
r e f l ec t ed   p re s su re ,   and   t he   a r ea -we igh ted   l eve l s  do no t   ag ree   we l l   w i th  
t h e   p r e s s u r e   l e v e l s   d e r i v e d   a t  r / D  = 0.4375. 

(3 )   S imi l a r   conc lus ions   can   a l so  be drawn by examining   the   rad ia l  
v a r i a t i o n  of t h e   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e   l e v e l s   c r o s s - p l o t t e d  a t  
v a r i o u s   f r e q u e n c i e s   i n   f i g u r e  5.9. 

( 4 )   T h e   s p e c t r a l   d i s t r i b u t i o n s   f o r   t h e   r e f l e c t i o n   c o e f f i c i e n t   a t  
v a r i o u s   r a d i a l   p o s i t i o n s  are shown i n   f i g u r e  5.10. Conclus ions   s imi la r  
t o   t h o s e   f o r   t h e   r e f l e c t e d   p r e s s u r e   l e v e l s   ( s e e   f i g u r e   5 . 8 ( b ) )   c a n  be 
drawn f o r   t h e   r e f l e c t i o n   c o e f f i c i e n t s .  

( 5 )  A t  r / D  = 0.4375, the   p ressure   t ransducer   p robe   remains   c lose  
t o   t h e   d u c t  w a l l  and ,   t he re fo re ,  i t  was e x p e c t e d   t h a t   t h e   p r e s s u r e   f i e l d  
i n   t h e   d u c t  w i l l  n o t   b e   i n f l u e n c e d   s i g n i f i c a n t l y  a t  t h i s   p o s i t i o n .  
T h e r e f o r e ,   t o   v e r i f y   t h i s   s p e c u l a t i o n ,   t h e   r e f l e c t i o n   c o e f f i c i e n t s  
der ived  a t  r / D  = 0.4375  by the   p re s su re   t r ansduce r   p robe  are  compared 
wi th   t hose   de r ived  by t h e  Knowles microphone  probe i n   f i g u r e  5.11. It 
can be observed   tha t  a t  low f requencies   ( i . e . ,  up t o   a b o u t  3 KHz) t h e  
r e f l e c t i o n   c o e f f i c i e n t s   d e r i v e d  by both   the   p robes  are i n  good 
agreement.   The  difference a t  h ighe r   f r equenc ie s  i s  most ly   due   to   the  
presence of h i g h e r   o r d e r  modes wh ich   have   d i f f e ren t   i n f luence  on t h e s e  
two p r o b e s   s i n c e   t h e i r   o r i e n t a t i o n s   i n s i d e   t h e   d u c t   d u r i n g   t h e  tests 
were d i f f e r e n t  . 
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From the   observa t ions  made so f a r  i t  can   be   sa id   tha t   the   e f fec t  of 
probe   s ize   on   the   induct   acous t ic   p ressure   f ie ld  is  s i g n i f i c a n t  when the 
probe is p r o j e c t e d   s u f f i c i e n t l y   i n s i d e   t h e   d u c t .  However, when the  
probe is a t  and   near   the   duc t   sur face ,   the   e f fec t  of the   p robe   s ize  on 
t h e   a c o u s t i c   f i e l d  is a lmost   negl ig ib le .  

It can  be  noted a t  t h i s   s t a g e   t h a t   t h e   s p e c t r a l   d i s t r i b u t i o n ,   f o r  
t h e   i n c i d e n t   o r   r e f l e c t e d   p r e s s u r e   l e v e l s  a t  a given r / D  pos i t i on ,  
derived by t h e  Knowles microphone  probe, i s  s l i g h t l y   d i f f e r e n t  compared 
t o   t h a t   d e r i v e d  by the  pressure  t ransducer .  However, t h e   s p e c t r a l  
d i s t r i b u t i o n  of t h e   r e f l e c t i o n   c o e f f i c i e n t s   d e r i v e d  by both  the  probes 
are  q u i t e  similar. This  i s  due to   t he   d i f f e rence   i n   t he   f r equency  
responses of the  individual   probes.   I f   the   appropriate   f requency 
response   cor rec t ions  are app l i ed   t o   t he   i nc iden t   o r   r e f l ec t ed   p re s su re  
leve ls   the   p ressure   l eve l   spec t ra   der ived  by both  the  probes more o r  
l e s s  come o u t   t o  be i d e n t i c a l .  However, f o r   t h i s  exercise, where t h e  
re la t ive   va lues ,   no t   the   absolu te   va lues ,   a re   needed ,   such   cor rec t ions  
are not  needed. 

5 .2 .1 .4  Experimental   Resul ts   for   the Duct Termination a t  Flow Mach 
Number, MJ = 0 .2  

The r a d i a l   v a r i a t i o n   r e s u l t s   f o r   i n c i d e n t   p r e s s u r e ,   r e f l e c t e d  
p res su re ,   and   r e f l ec t ion   coe f f i c i en t  a t  M J  = 0.2 obtained by using  both 
the  probes are p resen ted   i n   f i gu res  5 .12  through 5 .18  exac t ly  i n  t h e  
same manner as t h e  no f low  resu l t s   p resented  earlier. The following 
observat ions  can be made  by examining  the  resul ts   for  M J  = 0.2: 

(1) The r e s u l t s   d e r i v e d  from the  measurements made a t  r / D  = 0.4375 
us ing   the  Knowles microphone  probe are compared with  the  area-weighted 
va lues  computed by using a l l   n i n e   r a d i a l  measurements i n   f i g u r e s  5 .12  
through 5.14. Except   for  a few frequencies,  the  agreement  between  the 
r e s u l t s  is  very good for  the  complete  frequency  range. 

( 2 )  The power r e f l e c t i o n   c o e f f i c i e n t s ,  as shown i n   f i g u r e  5 . 1 4 ,  
become p o s i t i v e   ( i . e .   g r e a t e r   t h a n   u n i t y   i n   l i n e a r   s c a l e )  a t  some 
frequencies.  However, as seen   in   equa t ion  (5.10), t h e  Mach number term 
assoc ia ted   wi th   the  power r e f l e c t i o n   c o e f f i c i e n t ,  i n  t h e   c a l c u l a t i o n  of 
Wt, would keep  the  product of u and Mach number term well below 0 dB. 
Therefore,  a t  frequencies  where  the  agreement  between  the  area-weighted 
power r e f l e c t i o n   c o e f f i c i e n t s  and those measured a t  r / D  = 0.4375 is not 
very  good,   the  calculated  radiated power w i l l  no t   be   a f fec ted   severe ly  
when CI values  measured a t  r / D  * 0.4375 are used  instead of t he  area- 
weighted  resul ts .  

( 3 )  The  influence of the  pressure  t ransducer   probe on the   induct  
p r e s s u r e   f i e l d  is considerably  increased a t  t h i s   f l ow  cond i t ion  compared 
t o   t h e  no  f low  s i tuat ion.  The inf luence  seems t o   b e  more when r / D  is 
small (see f i g u r e s  5.15 through 5 . 1 7 ) .  
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( 4 )   T h e   r e f l e c t i o n   c o e f f i c i e n t s   m e a s u r e d  a t  r / D  = 0.4375 us ing  
b o t h   t h e   p r o b e s   a g r e e  w e l l  f o r   f r e q u e n c i e s   u p t o   a b o u t  2.5 KHz ( s e e  
f igure   5 .18) .  

5.2.1.5 Exper imenta l   Resul t s   for   the   Conica l   Nozzle   Termina t ion  

( a )   I n c i d e n t   P r e s s u r e   F i e l d  

T h e   r a d i a l   v a r i a t i o n   o f   t h e   i n c i d e n t   s o u n d   p r e s s u r e   l e v e l   s p e c t r u m  
and the   co r re spond ing   a r ea -we igh ted   spec t rum  o f   t he   i nc iden t   sound   f i e ld  
f o r   t h e   c o n i c a l   n o z z l e   t e r m i n a t i o n  are p l o t t e d   i n   f i g u r e  5.19 f o r  j e t  
Mach numbers  of 0.0, 0.4, 0.6 and 0.8. T h e   r a d i a l   v a r i a t i o n  of t h e  
i n c i d e n t   s o u n d   p r e s s u r e   l e v e l  a t  s e l e c t e d   f r e q u e n c i e s  i s  c r o s s   p l o t t e d  
i n   f i g u r e  5.20 f o r  j e t  Mach numbers of 0.0, 0.4, 0.6 and 0.8. 

The  fo l lowing   observa t ions  are  made f r o m   t h e   r e s u l t s   p r e s e n t e d   i n  
figures  5.19  and  5.20. 

( 1 )   T h e   r a d i a l   v a r i a t i o n  of t h e   i n c i d e n t   s o u n d   p r e s s u r e   l e v e l  i s  
i n s i g n i f i c a n t  up t o   abou t  4 KHz. Beyond 4 KHz, an   apprec i ab le  
d i f f e r e n c e  is  observed  between  the  pressure  levels   measured a t  d i f f e r e n t  
r a d i a l   l o c a t i o n s .  

( 2 )  The inc iden t   p re s su re   measu remen t s  a t  r / n  = 0.4375 a g r e e  w e l l  
w i t h   t h e   a r e a - w e i g h t e d   r e s u l t s  up to   abou t  h KHz, beyond  which t h e  
a g r e e m e n t   d e t e r i o r a t e s .  

( b )   R e f l e c t e d   P r e s s u r e   F i e l d  

The r a d i a l   v a r i a t i o n  of t he   r e f l ec t ed   sound   p re s su re   l eve l   spec t rum 
and the  corresponding  area-weighted  spectrum of t h e   r e f l e c t e d   s o u n d  
f i e l d   f o r   t h e   c o n i c a l   n o z z l e   t e r m i n a t i o n  are  p l o t t e d   i n   f i g u r e  5.21 f o r  
j e t  Mach numbers of 0.0, 0 .4 ,  0.6 and 0.8. C r o s s   p l o t s  of t h e   r e f l e c t e d  
sound f i e l d   w i t h   r e s p e c t   t o  r a d i a l  d i s t a n c e ,  r / D ,  a t  v a r i o u ?  
f r e q u e n c i e s ,   c o r r e s p o n d i n g   t o   t h e   s p e c t r a l   p l o t s  shown i n   f i g u r e   5 . 2 1  
are a l s o   p r e s e n t e d   i n   f i g u r e  5.22. 

The f o l l o w i n g   o b s e r v a t i o n s  are made f r o m   t h e   r e s u l t s   p r e s e n t e d   i n  
f igures   5 .21  and  5 .22.  

( 1 )   T h e   r a d i a l   v a r i a t i o n  of t h e   r e f l e c t e d   s o u n d   p r e s s u r e   l e v e l  i s  
i n s i g n i f i c a n t   u p   t o   a b o u t  2.5 KHz f o r  j e t  Mach numbers  of 0.0, 0.4  and 
0.6. Beyond t h i s   f r e q u e n c y ,   s i g n i f i c a n t   r a d i a l   v a r i a t i o n  i s  observed. 
However, f o r  M J ~  0.8 (M be ing   t he  j e t  Mach n u m b e r )   s i g n i f i c a n t   r a d i a l  
v a r i a t i o n  i s  not iced   f rom  about  1.5 KHz onward. J 

( 2 )  The r e f l ec t ed   p re s su re   va lues   measu red  a t  r / D  = 0.4375 a g r e e  
w e l l  w i t h   t h e   a r e a - w e i g h t e d   r e s u l t s   u p   t o   a b o u t  4 KHz f o r  j e t  f low Mach 
numbers of 0.0, 0.4 and 0.6. For MJ = 0.8, t h i s   a g r e e m e n t   d e t e r i o r a t e s  
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and the  corresponding  area  weighted  spectrum  for a 6.2 cm 
diameter  conical  nozzle  termination  at  various Mach numbers. 
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f r e q u e n c i e s   f o r  a 6.2 cm d i a m e t e r   c o n i c a l   n o z z l e   t e r m i n a t i o n  
a t   v a r i o u s  Mach numbers,   (dashed  l ines  represent   the  area 
w e i g h t e d   l e v e l s ) .  
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from about 1.5 KHz. 

( c )  Power Ref lec t ion   Coeff ic ien t  

The ,power   re f lec t ion   coef f ic ien t   spec t ra  
loca t ions  and the  corresponding  area-weighted 
nozzle   terminat ion are p l o t t e d   i n   f i g u r e  5.23 

a t  va r ious   r ad ia l  . 

spectrum  for   the  conical  
f o r  j e t  Mach numbers  of 

0.0, 0.4, 0.6 and 0.8. The obse rva t ions   fo r   t hese  power r e f l e c t i o n  
c o e f f i c i e n t s  are similar to   t hose   fo r   t he   r e f l ec t ed   p re s su re   f i e lds .  

(d)  Transmitted Power f o r   t h e  Duct and the  Nozzle  Terminations 

So f a r  a l l  t he   d i scuss ions  were made concerning  the  incident mean- 
square   p ressure   f ie ld ,   the   re f lec ted  mean-square p re s su re   f i e ld ,  and t h e  
power r e f l ec t ion   coe f f i c i en t s .  However, the  main objec t ive  of the  s tudy 
was to   determine  whether   or   not   the   t ransmit ted power computed by using 
a single-point measurement i s  comparable to   the   t ransmi t ted  power 
computed by using  the  area-weighted  values.  Therefore  the  transmitted 
power was computed f i r s t  by using  the measured da ta  a t  var ious   rad ia l  
l oca t ions  and then by using  the  area-weighted  values. The plane wave 
r e l a t ionsh ip  of equation ( 5 . 1 0 )  was used t o  compute the  t ransmit ted 
power, Wt. 

The t ransmit ted power was computed for   bo th   the  1 0  cm diameter 
s t r a igh t   duc t  and f o r   t h e  6.2 c m  diameter  conical  nozzle.   For  conical 
nozzle ,   the   t ransmit ted power was computed only up t o  4 KHz s ince   t he  
parameter 

in   equa t ion  ( 5 . 1 0 )  becomes grea te r   than   un i ty  a t  most of the   f requencies  
beyond 4 KHz, which is  physical ly   not   possible .  The r eason   fo r   t h i s  i s  
the  use of the  plane wave r e l a t i o n s h i p   t o  compute W t ,  which is not   va l id  
s ince   the   h igher   o rder  modes a r e  promiment a t  f requencies  above 
approximately 4 KHz. 

The t ransmit ted power spec t r a   fo r   t he   s t r a igh t   duc t  are p lo t t ed  up 
t o  8 KHz i n   f i g u r e  5.24 f o r  j e t  flow Mach numbers of 0.0 and 0.2. The 
t ransmit ted power spec t ra   for   the   conica l   nozz le   t e rmina t ion  are p lo t ted  
up t o  4 KHz i n   f i g u r e  5.25 f o r  j e t  flow Mach numbers  of 0.0, 0.4, 0.6 
and 0.8. I n  a l l  these   p lo ts   the   t ransmi t ted  power computed us ing   the  
measured data a t  r / D  = 0.4375 is  compared with  the  t ransmit ted power 
computed using  the  area-weighted  values. The agreement i s  exce l len t .  
Therefore,  it can  be  concluded  that a single-point measurement a t  o r  
near r/T! = 0.4375 is  adequate   to  compute the  t ransmit ted power f o r   a l l  
f requencies   cons idered   in   the   p resent   s tudy   (up   to  8 KHz) f o r  a s t r a i g h t  
duct ,  and for   f requencies  up to   about  4 KHz, ( f i r s t   r a d i a l  cut-on 
frequency)   for   the  conical   nozzle .  
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Figure 5 .24  Comparison o f  t ransmitted power computed using  area  weighted 

pressure  levels and corresponding  pressure  levels measured 
a t  r/D = 0.4375 f o r  a 10 cm diameter  duct a t  (a) HJ = 0 and 
(b)  MJ = 0.2.  
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Figure 5.25 Comparison o f  transmitted power computed using area  weighted 
pressure  levels and .the corresponding  pressure  levels measured 
a t  r/D = 0.4375 for  a 6 . 2  c m  diameter   conical   nozzle  at  
(a) MJ -- 0.0, (b) MJ = 0.4, (c)  MJ = 0 . 6 ,  and (d )  MJ = 0.8. 
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5.2.2 Radia l   and   Azimutha l   Var ia t ion  of I n d u c t   P r e s s u r e   F i e l d   f o r  
Annular h c t ,  and  Val idi ty   of   Single   Point   Measurement  

The   annu la r   f ac i l i t y   and   t he   s ix -po in t   measu r ing   p robe   desc r ibed   i n  
s e c t i o n   3 w e r e   u s e d   i n   t h i s   s t u d y .  Tests were c a r r i e d   o u t   u s i n g  a 
s t r a i g h t   a n n u l a r   t e r m i n a t i o n   a n d  a 6.2 c m  o u t e r   c o n i c a l   n o z z l e  
t e r m i n a t i o n  a t  v a r i o u s   f l o w   c o n d i t i o n s   o u t l i n e d   i n   T a b l e  5.2. 

T a b l e  5.2 Test cond i t ions   fo r   annu la r   duc t   expe r imen t s   t o   su rvey  
r a d i a l   a n d   a z i m u t h a l   v a r i a t i o n   o f   i n d u c t   s o u n d   f i e l d  

TERMINAT I O N  JET. FLOW MACH NUMBER 

Stra ight   Annular   Termina t ion  0, 0.2 

Outer  Conical  Nozzle  Annular  Termination 0, 0.4, 0.6, 0.8 

I n   a d d i t i o n   t o   t h e  tests desc r ibed   i n   Tab le   5 .2 ,  two more tests 
were conduc ted   w i th   t he   s t r a igh t   annu la r   duc t .   I n   one  of t h e s e ,  a r i g i d  
p l a t e   t e r m i n a t i o n  was used   t o   b lock   t he   t e rmina t ion   open ing ,   and   i n   t he  
second, 2.5 cm thick  polyurethane  foam,  backed by a s tee l  p l a t e  w a s  used 
t o   b l o c k   t h e   t e r m i n a t i o n   o p e n i n g .  

I n  each tes t ,  induct  time h i s t o r i e s  were measured a t  s i x   r a d i a l  
l o c a t i o n s   i n   t h e   a n n u l a r   c r o s s   s e c t i o n ,   b e t w e e n   t h e   o u t e r   a n d   i n n e r   w a l l  
a t   s i x   a z i m u t h a l   p o s i t i o n s ,  60 deg rees   apa r t .  The measured  data  were 
used   t o   eva lua te   t he   i nc iden t   and   t he   r e f l ec t ed   sound   p re s su re   l eve l  
s p e c t r a   a n d   t h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a .  

S.2.2.1 Exper imen ta l   Resu l t s   fo r  No Flow Condit ion 

( 1 )  St ra igh t   Annu la r  Duct Termination: 

The   r ad ia l  and az imutha l   d i s t r ibu t ion   and   the   a rea-weighted  
s p e c t r a l   d a t a   f o r   t h e   i n c i d e n t   p r e s s u r e   f i e l d   f o r   t h e   a n n u l a r   d u c t  
t e r m i n a t i o n  are p r e s e n t e d   i n   f i g u r e s  5.26 and  5.27.  The inc ident   sound 
p r e s s u r e   l e v e l   s p e c t r a   m e a s u r e d   a t   v a r i o u s   r a d i a l   l o c a t i o n s   f o r  a number 
of f i x e d   a z i m u t h a l   a n g l e s   a r e   p r e s e n t e d   i n   f i g u r e  5.26. I n   t h i s   f i g u r e ,  
s i x  sets of p l o t s   a r e ' p r e s e n t e d   e a c h   o n e   f o r  a g iven   az imutha l   pos i t i on ,  
namely, Oo, 60°, 120°, 180°, 240°  and  300°. Even though  the 
measurements were made a t  s i x   r a d i a l   l o c a t i o n s ,   o n l y   f o u r   r a d i a l  
measurements are  p r e s e n t e d   i n   t h i s   f i g u r e   f o r   c l a r i t y .  On each set  of 
p lo ts ,   the   a rea-weighted   spec t rum,   der ived   us ing  a l l  36 s p a t i a l  
measurements, i s  superimposed. It  can  be  seen  from t h i s   f i g u r e   t h a t   a t  
f r e q u e n c i e s  up t o  5 KHz a n e g l i g i b l e  amount  of r a d i a l   v a r i a t i o n   e x i s t s  
i n   t h e   i n c i d e n t   p r e s s u r e   f i e l d   a t   e a c h   o f   t h e   a z i m u t h a l   p o s i t i o n s .  A 
small amount  of r a d i a l   v a r i a t i o n  is observed a t  h ighe r   f r equenc ie s .  

T h e   s p e c t r a l   d i s t r i b u t i o n s ,  as s e e n   i n   f i g u r e   5 . 2 6 ,   f o r   v a r i o u s  
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r a d i a l   l o c a t i o n s   a g r e e   v e r y  well with  the  area-weighted  spectrum.  This 
b e h a v i o r   i n d i c a t e s   t h a t   . t h e   i n c i d e n t   p r e s s u r e   f i e l d  i s  qu i t e   un i fo rm 
even i n  t h e   a z i m u t h a l   d i r e c t i o n  a t  least  up t o  5 KHz. To c o n f i r m   t h i s ,  
s p e c t r a l   d a t a   f o r  a mumber of f i x e d   r a d i a l   l o c a t i o n s  a t  s ix  d i f f e r e n t  
az imutha l   pos i t i ons  are p l o t t e d  i n  f i g u r e  5.27. Four  such sets are 
p r e s e n t e d   i n   t h i s   f i g u r e ,   e a c h   f o r  a g iven   r ad ia l   pos i t i on .   F igu re  
5.27 i n d e e d   i n d i c a t e s   t h a t   f o r   f r e q u e n c i e s   u p   t o   a b o u t  5 KHz, t h e  
a z i m u t h a l   v a r i a t i o n - o f   t h e   i n c i d e n t   p r e s s u r e   f i e l d  i s  q u i t e  small. 

The s p e c t r a l   v a r i a t i o n s ,   b o t h  radial  and   az imutha l ,   f o r   t he  
r e f l e c t e d   p r e s s u r e   f i e l d  are shown i n  f i g u r e s  5.28 and 5.29, similar t o  
f i g u r e s  5.26 and 5.27 f o r   t h e   i n c i d e n t   p r e s s u r e   f i e l d .   F i g u r e  5.28 
shows t h a t   a t   f r e q u e n c i e s   u p   t o   a b o u t  5 KHz, very l i t t l e  r a d i a l  
v a r i a t i o n   e x i s t s  a t  each of t he   az imutha l   pos i t i ons .  However, f i g u r e  
5.29 i n d i c a t e s  a s i g n i f i c a n t   a z i m u t h a l   v a r i a t i o n  of t h e   r e f l e c t e d  
p r e s s u r e   f i e l d   a b o v e  2 KHz. The  sound p r e s s u r e  levels f o r   t h e   r e f l e c t e d  
f i e l d  are cons ide rab ly   l ower   t han   t he   i nc iden t   p re s su re   f i e ld ,   spec ia l ly  
a t   h i g h e r   f r e q u e n c i e s   ( a b o v e  2 KHz). Therefore ,  i t  can  be  expected  that  
t he   t r ansmi t t ed  power  computed by us ing   t he   a r ea -we igh ted   spec t r a l   da t a  
would co inc ide   w i th   t he   t r ansmi t t ed  power computed by accoun t ing   fo r   t he  
c o n t r i b u t i o n s   d u e   t o   t h e   s p a t i a l   v a r i a t i o n  of t h e   p r e s s u r e   f i e l d   ( i . e . ,  
account ing   for   the   h igher   o rder   modes) ,  a t  least up t o  5 KHz. I n   f a c t ,  
t h i s  w i l l  be shown la te r  t o  be t rue.  

(2)  Annular Duct  System  with  Outer  Conical  Nozzle: 

The  induct  measurements  for a l l  t h e   a n n u l a r   c o n f i g u r a t i o n s  were 
t a k e n   i n   t h e   s t r a i g h t   p o r t i o n  of the   annular   duc t   sys tem.   Therefore ,  
fo r   t he   annu la r   duc t   sys t em  wi th   ou te r   con ica l   nozz le   con f igu ra t ion ,   t he  
i n c i d e n t   p r e s s u r e   f i e l d  i s  i d e n t i c a l   t o   t h a t   p r e s e n t e d   i n   f i g u r e s  5.26 
and 5.27 f o r  a s t r a i g h t   a n n u l a r   d u c t .   I n   t h i s   s e c t i o n ,   t h e r e f o r e ,   t h e  
s p a t i a l   v a r i a t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d   o n l y  i s  descr ibed .  The 
r e f l e c t e d  sound  pressure   l eve l   spec t ra   measured  a t  v a r i o u s   r a d i a l  
l o c a t i o n s   f o r  a number  of f ixed   az imutha l   angles  are p r e s e n t e d   i n   f i g u r e  
5.30. The   a r ea -we igh ted   spec t r a l   r e su l t s   a r e   a l so   supe r imposed  on each 
p l o t  of f i g u r e  5.30. S i m i l a r   t o   t h e   s t r a i g h t   a n n u l a r   d u c t   t e r m i n a t i o n ,  
very  l i t t l e  r a d i a l   v a r i a t i o n  i s  observed a t  each  of  the  azimuthal 
p o s i t i o n ,   a t   l e a s t   f o r   f r e q u e n c i e s  up t o  4.5 KHz. To examine  the 
a z i m u t h a l   v a r i a t i o n ,   t h e   s p e c t r a l   d a t a   f o r   t h e   s i x   a z i m u t h a l   p o s i t i o n s  
a t   t h r e e   f i x e d  radial  l o c a t   i o n s   a r e  compared i n   f i g u r e  5.31. Again,   the 
behavior  seems t o   b e  similar t o   t h a t   f o r   t h e   s t r a i g h t   a n n u l a r   d u c t ;   t h a t  
is ,  a s i g n i f i c a n t   a z i m u t h a l   v a r i a t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d  
ex i s t s   above  2 KHz. 

5.2.2.2 Experimental   Resul ts   With Flow 

A number of tests were conducted a t  v a r i o u s  jet Mach numbers wi th  
t h e   a n n u l a r   d u c t   s y s t e m .   T h e   a c o u s t i c   r e s u l t s   f o r   d i f f e r e n t   f l o w  
c o n d i t i o n s   e x h i b i t   s i m i l a r   b e h a v i o r .   T h e r e f o r e ,   t h e   r e s u l t s   f o . r  a 
t y p i c a l  test case are d i s c u s s e d   i n   t h i s   s e c t i o n .   I n   t h i s  case, t h e  
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F igure  5.27 Azimuthal   var ia t ion o f  i n c i d e n t  sound pressure  level   spectrum 
and the  corresponding  area  weighted  spectrum  for an annular  
duct a t   v a r i o u s   r a d i a l   l o c a t i o n s ,  MJ = 0.0. 
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Figure 5.30 R a d i a l   v a r i a t i o n   o f   r e f l e c t e d  sound pressure  level  spectrum 
and the  corresponding  area  weighted  spectrum  for an annular 
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135 



I 1.0 3. 0 4. 0 5. 0 6. 0 7. 0 

FREQUENCY. K H z  
8. 0 
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annular  duct  system had a n   o u t e r   c o n i c a l   n o z z l e   w i t h  6.2 cm e x i t  
diameter and t h e   a n n u l a r  j e t  flow Mach number was 0.6. However, t h e r e  
was no  f low i n   t h e   c o r e   r e g i o n .  

The v a r i a t i o n  of t h e   i n d u c t   p r e s s u r e   . f i e l d   f o r   t h i s  case is 
i l l u s t r a t e d   i n   f i g u r e s  5.32 through  5.35. Even i n   t h e   p r e s e n c e  of flow, 
t h e   i n c i d e n t   p r e s s u r e   f i e l d  seems t o   b e   r e a s o n a b l y   u n i f o r m   i n   t h e  
a n n u l a r   c r o s s   s e c t i o n   ( s e e   . f i g u r e s  5.32  and  5.33).  However, t h e  
a z i m u t h a l   d i s t r i b u t i o n  i n  f i g u r e  5.33  shows r e l a t i v e l y  more v a r i a t i o n  
compared t o   t h e   r a d i a l   v a r i a t i o n   i n   f i g u r e  5 i 3 2 .  This   r ea sonab le  
uni formi ty  of t h e   i n c i d e n t   p r e s s u r e   f i e l d   e x i s t s  up t o   a b o u t  4.5 KHz. A t  
h i g h e r   f r e q u e n c i e s ,   s i g n i f i c a n t   v a r i a t i o n ,   b o t h   i n   r a d i a l   a n d   a z i m u t h a l  
d i r e c t i o n s ,  is observed. 

The radial  v a r i a t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d ,  as shown i n  
f i g u r e  5.34, i s  q u i t e   s i g n i f i c a n t .  The   az imutha l   va r i a t ion  o f  t h e  
r e f l e c t e d   p r e s s u r e   f i e l d   ( s e e   f i g u r e   5 . 3 5 )  i s  even  worse.  However, t h e  
c o n t r i b u t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d   t o   t h e   t r a n s m i t t e d  power 
may not  be s i g n i f i c a n t  due t o  i t s  lower sound p r e s s u r e   l e v e l s  compared 
t o   t h e   i n c i d e n t   p r e s s u r e   l e v e l s .   M o r e o v e r ,   t h e   i n f l u e n c e   o f   t h e  
r e f l e c t e d   p r e s s u r e   f i e l d   d e c r e a s e s   e v e n   f u r t h e r   i n   t h e   p r e s e n c e   o f  
f l ow  s ince  (1"~)' is  m u l t i p l i e d   t o   t h e   r e f l e c t e d  power  compared t o  
(1 +MD)' f o r   t h e   i n c i d e n t  power.   This   effect  w i l l  be   s een  l a te r  i n  
t h i s   s e c t i o n   w h e r e   t h e   a c o u s t i c   p o w e r s   f o r   v a r i o u s  test cases w i l l  be  
presented .  

5.2.2.3 Exper imen ta l   Resu l t s   fo r   t he   S t r a igh t   Annu la r  Duct with a 
Blocking  Absorbing  Material  a t  the  Terminat ion 

I n   t h i s   c a s e  a sample of 2.5 c m  th ick   po lyure thane  foam was mounted 
t o  a s tee l  p l a t e   a t   t h e   e x i t   p l a n e  of the   annular   p ipe .   The   inc ident  
p r e s s u r e   f i e l d   f o r   t h i s   c a s e  i s  a g a i n   i d e n t i c a l   t o   t h a t  of t h e  open- 
ended annu la r   duc t   i n   t he   absence  of mean f l o w .   T h e r e f o r e ,   t h e   s p a t i a l  
v a r i a t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d   o n l y  i s  shown i n   t h i s   s e c t i o n .  
The r a d i a l   v a r i a t i o n  of t h e   r e f l e c t e d   p r e s s u r e   f i e l d  a t  s ix   az imutha l  
p o s i t i o n s  i s  shown i n   f i g u r e  5.36. A small amount of r a d i a l   p r e s s u r e  
v a r i a t i o n  i s  observed up t o   abou t  4.0 KHz. A t  h ighe r   f r equenc ie s   t he  
r a d i a l   p r e s s u r e   v a r i a t i o n  seems t o  be q u i t e   s i g n i f i c a n t .  When t h e s e  
r e s u l t s   a r e   c r o s s   p l o t t e d   t o  show t h e   a z i m u t h a l   v a r i a t i o n  of t h e  
r e f l e c t e d   p r e s s u r e   f i e l d   ( s e e   f i g u r e   5 . 3 7 ) ,  a s i g n i f i c a n t  amount of 
v a r i a t i o n  is observed a t   f r equenc ie s   above  2 KHz. This   behavior  
i n d i c a t e s   t h a t   t h e   r e f l e c t e d   p r e s s u r e  wave c o n s i s t s  of h i g h e r   o r d e r  
modes w i t h   s i g n i f i c a n t   p r e s s u r e   l e v e l s .   T h i s  phenomena w i l l  be  
d i s c u s s e d   l a t e r   i n   t h i s   s e c t i o n .  

137 



138 



0. 0 1.0 2. 0 3. 0 4. 0 5. 0 6. 0 7.0 
FREGUENCY. K H z  

0 

Figure  5 .33  Az imu tha l   va r ia t i on  of i n c i d e n t  sound pressure   leve l   spec t rum 
and the  corresponding  area  weighted  spect rum  for  an annu lar  
c o n i c a l   n o z z l e b a t   v a r i o u s   r a d i a l   l o c a t i o n s ,  MJ = 0.6. 
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Figure 5 . 3 4  R a d i a l   v a r i a t i o n   o f   r e f l e c t e d  sound pressure  level  spectrum 

and  the  corresponding  area  weighted  spectrum  for  an  annular 
con ica l   nozz le   a t   var ious   az imutha l   pos i t ions ,  MJ = 0 .6 .  
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Figure 5.35 Azimuthal  variation  of  reflected  sound  pressure level spectrum 
and the corresponding area  weighted spectrum for  an annular 
conical  nozzle at various radial locations, MJ = 0.6. 

14 1 



I 

-.-. AREA WEIGHTED VALUES . . . I 
1.0 2.1  3.m 4.0 5.0 8.m 7.0 am 

FREQUENCY, KHz 

F igu re  5.36 R a d i a l   v a r i a t i o n   o f   r e f l e c t e d   p r e s s u r e   l e v e l   s p e c t r u m   a n d   t h e   c o r r e s p o n d i n g  
area  weighted  spect rum  due  to  a po l yu re thane  foam  sample  mounted a t   t h e  
t e r m i n a t i o n  o f  an annu la r   duc t ,   a t   va r ious   az imu tha l   l oca t i ons .  
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F i g u r e  5.37 A z i m u t h a l   v a r i a t i o n  of r e f l e c t e d   p r e s s u r e   l e v e l   s p e c t r u m  and the   cor respond ing  
area  weighted  spect rum due t o  a po l yu re thane  foam sample  mounted a t   t h e  
t e r m i n a t i o n  of an a n n u l a r   d u c t   a t   v a r i o u s   r a d i a l   l o c a t i o n s .  



5 . 3  MODAL DECOMPOSITION OF IN-DUCT  ACOUSTIC PaWER 

A technique,  which  separates  the  modal  components  of  internal  noise  in 
the  form of impulsive  sound  source  propagating  inside  circular  or  annular 
ducts  using  experimentally  evaluated  induct  pressure  distribution,  is  developed 
and  presented  in  this  section.  This  technique  is  also  applicable  to  discrete 
frequency  noise  source  with  minor  modification. 

For  hard-walled  ducts,  carrying  no  mean  flow,  three  main  factors 
determining  the  nature  of  the  acoustic  field  are  identified: (1) duct  cross- 
section  geometry, (2 )  the  space-time  pattern  of  the  source  distribution,  and 
(3 )  acoustical  termination  conditions  at  the  ends  of  the  duct  (refs. 16 and 
22).  However,  in  the  presence  of  mean  flow  it  is  expected  that  the  mean  flow 
would  be  another  determining  factor  of  the  induct  acoustic  field.  In  the 
theoretical  analysis  of  reference 16 it  has  been  shown  that  the  excitation  and 
transmission  of  sound  by  a  source  distribution  in  a  hard-walled  duct  with  non- 
reflecting  terminations  is  controlled  by  two,  relatively  independent,  sets  of 
parameters. 

The first  set of parameters  are  the  duct  modes  themselves.  These  are  the 
denumerable  number  of  particular  sound  fields  that  can  exist  in  the  duct  for 
each  given  frequency  of  excitation,  as  permitted  by  the  constraints  imposed 
on the  acoustic  field  by  the  hard  walls.  Each  of  these  duct  modes  is  a 
distinct  interference  pattern  (each  mode  amplitude  being  proportional  to  a 
particular  function  of  the  duct  cross-section  position  coordinates),  which 
propagates  along  the  duct  with  a  particular  speed,  which  is  determined  by  the 
ratio  of  the  driving  frequency  to  the  mode  cut-on  frequency  and  by  the  speed 
of  sound  in  the  acoustic  medium  contained  in  the  duct. The mode  cut-on 
frequencies  themselves  are  determined  by  the  duct  cross-section  geometry,  the 
speed  of  sound in the  acoustic  medium,  and  the  two  mode  index  numbers. The 
index  numbers  of  all  the  modes  comprise  a  doubly  infinite  set  of  integers 
(m,n). Modes  with  cut-on  frequencies  higher  than  the  driving  frequency  do  not 
propagate  as  waves  in  the  usual  sense,  but  decay in amplitude  exponentiallv 
with  distance  from  the  plane  of  excitation.  With  non-reflecting  terminations  in 
a  hard-walled  duct  such  cut-off  modes  contribute  to  the  acoustic  pressure  field 
in  the  duct  but  not  at  all  to  the  mean  acoustic  energy  flow. 

The  second  set  of  parameters  are  those  describing  the  nature  of  the 
space-time  pattern of the  source  distribution,  or  externally  applied  force or 
stress  system  that  is  driving  the  acoustic  field. The relative  amplitudes  of 
excitation of the  duct  modes,  and  their  relative  phases,  are  both  especially 
sensitive  to  the  space-time  pattern  of  the  source  distribution.  Hence  the 
acoustic  power  transmitted  down  the  duct  is  similarly  sensitive  to  the  space- 
time  pattern. 

When  there  is  no  reflection  at  the  duct  termination,  the  sound  field  in 
the  region  of  the  duct  lying  between  the  source  distribution  and  the  termi- 
nation  is  made  up  only  of  modes  that  either  propagate,  or  decay  exponentially 
in  amplitude, in the  axial  direction  from  the  source  distribution  towards  the 
termination.  However,  it  is  not  generally  true  that  there  will be no  reflec- 
tion  back  into  the  duct  from  the  termination. 
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Just  as  the  duct  geometry,  wall  impedance  and  ambient  characteristics  of 
the  acoustic  medium in the  duct  dictate  that  only  certain  acoustic  modes  of 
excitation  are  necessary  and  sufficient  to  describe  any  acoustic  field  inside 
the  duct; so the  geometry,  boundary  impedances  and  ambient  characteristics  of 
the  region  beyond  the  duct  termination  dictate  that  only  certain  acoustic  modes 
of  excitation  are  necessary  and  sufficient  to  describe  any  acoustic  field  out- 
side  the  .duct.  Naturally,  these  "outside"  modes  are, in general,  different  in 
functional  form  from  the  "inside"  modes.  Therefore,  in  almost  exactly  the  same 
way  as  the  sound  field  in a duct  of  infinite  length  depends  upon  the  matching 
between  the  source  distribution  space-time  pattern  and  the  duct  modes,  the 
acoustic  field  outside  the  duct  depends  upon  the  matching  between  the  in-duct 
sound  field  space-time  pattern  over  the  termination  cross-section  to  the 
acoustic  modes  of  the  outside  region,  which  are  determined  by  the  conditions 
at  the  other  boundaries  of  the  region. 

In  the  case  of  an  infinite  duct,  it  was  found  that  the  duct  sound  field 
exerted a back-reaction  on  the  source  distribution.  For  example,  if,  at a 
certain  cross-section  of  the  duct,  the  axial  particle  velocity  is  specified, 
then  the  space-time  distribution  of  acoustic  pressure  over  that  cross-section 
cannot  be  independently  specified,  as  it  is  already  determined  by  the  pre- 
scribed  axial  particle  velocity  distribution  together  with  the  constraints  on 
the  sound  field  imposed by the  duct  walls.  In  exactly  the  same way, the  sound 
fields  both  inside  and  outside a duct  of  finite  length  depends,  in  general, 
just  as  much  on  the  boundary  conditions  of  the  region  outside  the  duct  as  they 
do  on  the  space-time  characteristics  of  the  source  distribution.  Identical 
source  distributions  placed,  for  example,  in  an  infinite-length  duct  and  in a 
finite-length  duct,  respectively,  will,  in  general,  produce  different  sound 
fields  in  the  ducts  and will transmit  different  amounts  of  mean  acoustic  power 
down  the  ducts.  This  interdependence  is an intrinsic  feature  of  acoustic 
fields. A change  in  any  of  the  boundary  conditions,  on  any  part  of  the  bound- 
ary,  can  make  itself  felt  through  changes  in  all  field  quantities,  throughout 
the  field  region  (ref. 22). 

In  brief,  the  discussions  made  above  clearly  indicate  that  the  sound 
field  in  the  duct  is  very  sensitive  to  the  source  distribution  (orientation), 
duct  cross-section  geometry  and  the  termination  properties.  Therefore,  the 
modal  characteristics  of  the  incident  wave  (for  impulsive  sound  source)  need 
not  be  similar tothose of  the  reflected  wave.  Moreover,  these  modal  characte- 
ristics  also  would  change  when  the  flow  conditions  are  altered.  Therefore, 
the  modal  decomposition  needs  to  be  performed  for  both  incident  and  reflected 
pulses  for  each  flow  condition  and  termination  geometry  to  determine  the  total 
acoustic  transmitted  power. 

5 . 3 . 1  Expression  for  Acoustic  Pressure  Field 

The  linearized  equafions  of  motion,  governing  the  sound  field  in  the 
presence  of a mean  flow V ,  neglecting  external  and  viscous  forces,  can  be 
written  as  follows  (ref. 2 3 ) .  
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(5.13) 

Momentum: p \at + v V)Ui = - - a + +  aP 
axi (5.14) 

Energy : dp = c2d6 (5.15) 

where the  subscript  i  refers to x,y, and z in  Cartesian  coordinate 
or r, 8 ,  and z in  cylindrical  coordinate,  respectively. For brevity  the 
subscript D is  not used in  this  section for induct variables, such as, Mach 
number M, the  speed of sound c, and  the mean flow density p .  From  equations 
(5.13) through (5.15) the wave  equation  can  be  derived end can be  expressed 
as  follows 

- (at a + 1.r . 0) p = v2p 
+ + z  

(5.16) 
- 2  

When the  mean flow V is  only  along  the  axial  direction x, equation 
(5.17) will reduce to  the following  form 

+ 

- a2P + 2v a . * +  v2 - a2P = c2v2p 

at2 at  ax ax2 

to 

In  cylindrical  coordinate as shown in figure 
given  by 

v 2 =  - - (  l a  I?")+- a 1 - a2+ 
r ar  ar r2 a e 2  

Therefore,  equation (5.19) can  be written as 

-) a 2P = 0 
ax2 

5 .2  the  Laplacian V2 is 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

(5.21) 
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where k = w/c,  the  total  wave  number  and M = V/c , the  mean  flow  Mach number. 

The  above  equation can also be written  as 

( 5 . 2 2 )  

Let p = R(r) 0 ( 8 )  X(x) e 

Uking  the  above  functional  form  for p ,  equation ( 5 . 2 2 )  can  be  written 
as follows: 

iwt ( 5 . 2 3 )  

01: {(I - M2) - - 2iMk - + k 2 }  r2 + r . -  (rR') =:-- X X  R dr 0 
X" X' d 0 11 

The left  hand  side  of  equation ( 5 . 2 4 )  is a function of x and 
the  right  hand  side  is a  function of 8 only. Therefore, 

" 

0" 
0 

- constant 

Let the  constant  be  -m2, m being a positive  integer or zero. 

The  solution of equation ( 5 . 2 6 )  is 

? im8 
O = e  

Now  equation ( 5 . 2 4 )  can be  rewritten  in the  following  form 

Again  the  left  hand  side  of  equation ( 5 . 2 8 )  is a  function of 
the  right  hand side  is  a  function of r only.  Therefore  each 
constant. 

( 5 . 2 4 )  

r, whereas 

( 5 . 2 5 )  

Therefore, 

(5.26) 

( 5 . 2 7 )  

( 5 . 2 8 )  

x only,  whereas 
side  is  a 
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L e t  (1 - M2) 7 - 2iMk -y + k2 = A 2  X" X' 
mn (5.29) 

where A, i s  the   t r ansve r se  wave number. Equation  (5.29) can b e   w r i t t e n  as 

( 1  - M2) X" - 2MkiX' + (k2 - X&) X = 0 (5.30) 

The solut ion  of   equat ion  (5 .30)can  be  der ived by assuming 
b 

X = e  - i k x  (5.31) 

where & i s  the   l ong i tud ina l   ( ax ia l )  wave number. Therefore,   equation 
(5.30)  can  be  writ ten as 

- - 2Mkkmn + (k2 - A&) = 0 

Therefore, 

2Mk f [4M2k2 + 4(1  - M2) (k2 - A.&> 
k =  " mn - 2 ( 1  - M2) 

where t h e   f a c t o r  

11 = [1 - (T) ( 1  - M2)] ' xmn 2 

(5.32) 

(5.33) 

(5.34) 

(5.35) 

and E = +1, w i l l  be   s een   t o   cha rac t e r i ze   t he   d i r ec t ion  of acoustic  energy 
flow.  If  k <Amn (1  - M2)%, then r) becomes imag ina ry .   In   t h i s   s i t ua t ion ,  
t h e  mode with x,, w i l l  be  decaying as e I n l x .  Therefore ,   the   cont r ibu t ion   due  
t o   t h i s  mn mode to   t he   p ropaga t ing  wave i s  neglected.  

Now equation  (5.28)  can  be  writ ten as 

x2mn + dr ( r  R ' )  - - = 1 d  m2 
2 0 

r 

o r  - - (rR')  + (x& - -) R = 0 1 d  m2 
r d r  

r 2  

1 
r o r  R" + -R' + (x2 - 7) R = o m2 

m r  

1 
(5.36) 

I 
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The  solution  to  equation (5.3E)is the  Bessel  function. 

The  general  solution  of  equation (5.36)  is as follows: 

(5.37) 

J (A r) = Bessel  function  of  the  first  kind,  and 

Y (X r) = Bessel  function of the  second  kind. 
m  mn 

m  mn 
C1  and C2 are  the  constants  evaluated on the  basis  of  boundary  condition. 

Using  the  solution  for  R,O,  and X the  acoustic  pressure  for  a  given mn 
mode  can  be  written,  from  equation (5.23).as follows: 

or 
-ihnnx iwt 

Pmn (x,r,e,t) = P n (X r) cos  me  e  e mn  m mn 

where 

Rm(X r)  = Jm(Xmr) + L mn 

(5.38) 

(5.39) 

andC is  the  modal  coefficient  for  the  mn  mode  represented  by P 1 mn 

To  study  the  orthogonality  characteristics  of  Pmn,  with  the  weighting 
function I:, the  following  integral  needs  to  be  evaluated. 

I = 1” J2’ r R (Xmr)cosmB. R (X r)cosu@  dr dB 
m u lJv 

a o  

= J’ r R (Xrn. r)Q (X .r)dr . cosme.cosp8 dB 
m u lJv 

a 0 

(5.40) 

149 



where E a fac tor   assumes  a va lue   o f  2 f o r  m=O and 1 f o r  m>O, 6 is  t h e  
Kroneckgr-delta  function  and a is  the   l e f t -hand   boundary   po in t  !%r r. Since 
6 makes the   va lue   o f   t he   above   i n t eg rand   ze ro ,  when d p ,  t h e r e f o r e ,  u becomes 
i % n t i c a l l y   e q u a l   t o  m w i t h i n   t h e   i n t e g r a l   s i g n   i n   t h e   a b o v e   e x p r e s s i o n .  

~~ 

Therefore ,  

(RD 
I = E T T 6  

m J r Qm(Xm. r)Qm(Amu. r )  
a 

To eva lua te   t he   above   i n t eg ra l , equa t ion  

d r  

(5 .36)  i s  expres sed   i n   t he   fo rm o f  
L i o u v i l l e   e q u a t i o n   ( r e f .   2 4 ) ,  as fo l lows .  

- ( rR ' )  + [ X k r  - "3 R = 0 . 
d m2 

d r  r 

The Sturm-Liouville  problem is es sen t i a l ly   t he   p rob lem  o f   de t e rmin ing   t he  
dependence  of   the  general   behavior  of R( r )  on the   pa rame te r  X& and t h e  
dependence  of   the  e igenvalues   of  X2 on t h e  homogeneous  boundary  conditions 
imposed  on R( r ) .  Assuming t h a t  R1 and R are s o l u t i o n s  of the   above  
e q u a t i o n ,   t h e   p r o c e d u r e   u s e d   t o   a c h i e v e   t h i s  is  t o   m u l t i p l y   t h e   e q u a t i o n  
f o r  R by R2 and t h e   e q u a t i o n   f o r  R by R and s u b s t r a c t  : 

mn 
2 

1 2 1 

d 
o r  - dr   [R2rRl  - R l r R i ]  = (X2 mu - X;)rRlR2 (5.41) 

where h2 and X2 are the   e igenva lues  Am fo r   R1( r )   and   R2( r ) ,   r e spec t ive ly .  mn mu 

Now i n t e g r a t i n g   e q u a t i o n   ( 5 . 4 1 )   o v e r  r ,  beginning  a t  the   l e f t -hand  
boundary   po in t   ( l e t  i t  be  a i n   t h i s   c a s e )  and  ending a t  some a r b i t r a r y   p o i n t  
r ,  before   reaching   the   r igh t -hand  boundary   po in t ,   the   fo l lowing   express ion  
can   be   der ived .  

r(R2R; - R1R;) - [r(R2R; - RIR;)],=~ = (X:u - X2 mn ) 

a 

where  the  guant i ty   in   the  parentheses   would  be  the  Wronskian  for  R2 and R1 
i f  X2 = . But f o r   t h e   p r e s e n t   p u r p o s e  A2 mn 'mu m f 'mu' 

I f  a is a s i n g u l a r   p o i n t  of t h e   d i f f e r e n t i a l   e q u a t i o n   ( i . e . ,   l e f t - h a n d  
boundary  point is a t  z e r o ) ,   t h e   q u a n t i t y   i n   s q u a r e   b r a c k e t  is zero  as long 
as Rl(r)   and  R2(r)  are f i n i t e   a t   t h e   s i n g u l a r   p o i n t .   T h i s  i s  t h e   s i t u a t i o n  
f o r  a hard-walled  s ingle-s t ream  duct   with  uniform mean f low.   I f  a is  a 
regular   point   and  the  boundary  condi t ion i s  t h e  homogeneous  one ( i . e . ,  
QR' - BR = 0 a t  r = a ,  where Q and f3 are independent   of  A:,) , t hen  
( R I R i  - R2R') = ( B / Q )  (RIR -R R ) = 0 a t  r = a ,  a n d   a g a i n   t h e   q u a n t i t y   i n  
squa re   b racke t  is zero .  i s  1s t h e   c a s e   f o r   a n   a n n u l a r   r e g i o n   o f  a co- Ti -2.1 
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annular   hard-wal led  duct   with  uniform mean f low.   Therefore ,   for   near ly  
any  of   the  usual   boundary  condi t ions a t  r = a ,  the   fo l lowing   expres s ion  
is t r u e .  

r (RzR;  - RIR;) = ( X 2  - X 2  mv mn 11: rR1R2dr 

The condi t ion  of   or thogonal i ty   can  be  es tabl ished  on  the  basis   of   the   boundary 
cond i t ion  a t  the  r ight-hand  boundary  point .   For   the  present   s tudy  for   both 
t h e   s i n g l e  stream and the  annular   s t ream,  the  boundary  point  i s  t h e   i n n e r  
r ad ius   o f   t he   ou te r -duc t ,  R.,,. The boundary  condition a t  t h i s   p o i n t   f o r  
s i n g l e  and  annular stream duc t s  i s  R ' ( % )  = 0. Therefore ,  a t  r = t h e  
le f t -hand   s ide   o f   the   above   equat ion   goes   to   zero  when A 2  # A 2  . 
There fo re ,   t he   func t ion   R( r )  is  or thogonal   with  the  weig%ing  Yznct ion r 
f o r   b o t h   t h e   s i n g l e   a n d   t h e   a n n u l a r  stream ducts .   Therefore ,  

m 

where, 

'nn = p r R 2 d r  
a 

Since  R(r)  and i2 (Am,r) are r e l a t e d   w i t h  9 cons tan t   fac tor   o f  4 C, 
( see   equat ions  ( 5 . 3 7 )  and 5.39) )  equat ion  ( 5 . 4 0 )  can  be  expressed as fol lows:  

m 

r Rm(Amr)cosm€I R ( A  r)cosu€I  drde = c u uv oEm'  'nn mu nv  ( 5 . 4 2 )  m c 5  6 

The t o t a l   a c o u s t i c   p r e s s u r e ,  p ,  which i s  t h e   c o n t r i b u t i o n  of a l l   t h e  
modes ,   bo th   rad ia l ,   az imutha l   ( i . e . ,   t ransverse) ,  and c r o s s  modes can  be 
obtained by summing t h e   e q u a t i o n  ( 5 . 3 8 )  , over a l l   t h e  modes.  Theref  ore, 
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Using  the  time  harmonic  property  of  the  pressure p as 

p(x,r,e,t) = i(x,r,e)e , iwt 

equation ( 5 . 4 3 )  can be written  as  follows 

( 5 . 4 3 )  

( 5 . 4 4 )  

A 

p(x,r,O) would  be  obtained  from  the  measurements  of  p(x,rY8,t)  in  the 
following  manner, 

= Re {p(x,r,e) e -i$(r,e)  ,iut e  -ime) 

Using  the  time  harmonic  property  of  the  pressure  the  above  expression  can  be 
written  as 

p(x,r,O) = Re  {p(x,r,9)  e -i$(r,e)  .-ime) 

where ;(rye)  and $ ( rye )  are  the  pressure  amplitude  and  phase  at  a  given 
radial  and  azimuthal  location  r  and 9, respectively.  Therefore,  using 
several  radial  and  azimuthal  measurements  at x, the  pressure  field  can  be 
derived  by  equating  equation ( 5 . 4 4 )  with  equation ( 5 . 4 5 ) ,  in  the  following 
manner 

or ( 5 . 4 6 )  

P (XYrYe) = c c PmQm (Am r) cos  me e - i h x  
m n  

The  following  two  cases  are  considered. 

( 1 )  Single  Stream  Duct:  For  this  case  the  boundary  conditicns  for  equation 
( 5 . 3 7 )  are 
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R'  (R,,) = 0 

and R(r) is  finite  at  all  r including r =.O. 

Since Ym(Amnr) at  r = 0 becomes  infinite,  therefore  to  have a finite 
value  of R at  r = 0, C2 becomes  zero. 

Therefore,  from  equations (5 .37)  and ( 5 . 3 9 ) ,  respectively, 

R(r) = -P 1 2 mn Jn ('mnr) 

and 1 (5 .47 )  

51 (A r) = J, (Xmn r) m m n  

The boundary  condition  therefore  is J' (Amn%) = 0. m 

Therefore, using  equation ( 5 . 4 6 ) ,  the  total  acoustic  pressure, G(x,r,e) 
for  a  single  stream  duct  can  be  expressed  as  follows: 

(5 .48 )  

By  letting  x = 0 at  the  measurement  point  the  above  equation can  be  rewritten 
as 

(5 .49 )  

Using  the  orthogonality  principle  of  Bessel  functions(ref. 24)  by  multiplying 
both  sides of equation ( 5 . 4 9 )  by  r.Jy(Auv*r)  cos (PO) and  by  noting  that 

= r r  J 1.I (Apv-r) - Jm (Amn-r) dr 
0 0 

= 2 ~ r  Nm nn 'mu*  'nv (5 .50 )  

where 6 and 6 are the  Kronecker-delta  functions,  and 
mp nv 
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I I I 1  I I I 1  l l l l l  I 

Nm nn = r r  52 (Am') dr  for  m = 0 

0 

= L  2 jR0 r Jm 2 (Amn') dr  for m > 0 

0 

the  modal  coefficient Pmn can be expressed  as 

27r Nm nn 

The  integral  r J, (Amnor)  dr  can be evaluated  as  follows: 2 

From  reference 2 5 ,  

and 

- [t-m J,(t)] = - t d -m 
dt Jm+ l ( t )  

d m  m 
dt - [t Jm(t>I = t Jm - (t) 

( 5 . 9 1 )  

( 5 . 5 2 )  

( 5 . 5 3 )  

d Therefore, - [t2 EJm(t) - Jm + dt (t))] = 2t Ji (t) 
2 J 

or 

0 

0 
( 5 . 5 k )  

As per  boundary  condition  (see  equation ( 5 . 4 7 ) )  J: (Amn%) = 0 ~ 

Considering  the  following  properties  of  Bessel  function, 
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t-- J (t) = - t J d 
dt  m m+ 1 (t) + m Jm(t) 

t- J (t) = t J (t) - m Jm(t) d 
dt  m m -  1 

and  letting t  equal A % the  boundary  condition  would  result  in  the 
following  expression. mn 

2 
m2 J m (Am-%)  = Am 2 2  fb Jm+i(Amn - R,,) Jm-l (Amn-R,- ,>  

From  equations ( 5 . 5 4 )  and ( 5 . 5 6 )  the  following  expression  is  derived 

and 

(5 .55 )  

( 5 . 5 6 )  

(5.57) 

(5.56) 

For  the  single  duct  experiments,  since  the  sound  is  injected on the 
duct  centerline  or  symmetrically  around  the  periphery,  the  pressure  field  can 
be  assumed  to  be  azimuthally  symmetric. In this  situation,  the  higher  order 
circumferential  modes  can  be  assumed to  be  absent  (i.e., m=O)._ Therefore, 
the  modal  coefficients  can  be  expressed  as  follows  by  letting p (r,0)  equals 

(r) , independent  of 0 ;  

and 

(5.59) 

( 5 .  60) 

RD - 
The integral r Jo(Aonr)  p(r) dr is  evaluated  uslng a numerical  integration 
scheme  with 'six or  more  measured  pressure  data p(r). 
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Since  there  is  no  azimuthal  variation  of  the  induct  pressure  field, 
equation ( 5 . 3 6 )  can  be  written  as 

and 

d - J (X r) +- - Jo(Xonr) + Xon on 
dr 

1 d  J ( X  r)=o 
o on  r  dr 

- J (X r)l d 
dr o on 

= o  
at  r = RD 

Equation ( 5 . 6 2 )  can  be  simplified  as  follows: 

Therefore, 

( 5 .  61)  

( 5 . 6 2 )  

( 5 . 6 3 )  

and l o o  = 0 ,  n = O  J 
The  solution of equation ( 5 . 6 4 )  gives  the  values  of X and  they  are: 

on ' 

% = O  
X00 

'01 % = 3.83 

Ao2 E$) = 7.02 

ho3 % = 10.13 

(2) Annular  Stream  Duct:  For  this  case  the  boundary  conditions  for 
equation ( 5 . 3 7 )  are 

R' (%)  = 0 

and R' (Rf) = 0 1 

( 5 . 6 5 )  

(5.6G) 

and C1 Ji (XmRI) + .C 2 m  Y ' (Xmn%) = 0 
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and 

(5.67) 

Therefore,  from  equations  (5.37)  and(5.391,  respectively, 

Therefore,  using  equation  (5.46)  the  total  acoustic  pressure  ;(x,r,B)  for  an 
annular  stream  duct  can  be  expressed  as  follows: 

where 

(5.69) 

Letting  x = 0 at  the  measurement  point,  equation  (5.69)  can  be  rewritten  as 

(5.70) 

Using  the  orthogenality  principle  of  Bessel  functions  (refs-  24  and 26), 
(proved  earlier)  by  multiplying  both  sides of equation  (5.70)  by 
rQp(Xpu.r)cos(p9)  and  by  notin:;  that 

2lT 

= J r.Qp(Xpu.r).$(Am.r)dr . J cospe.cosm8 dB 
RI 0 
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where 6 and 6nv are the  Kronecker-delta  functions,  and 
mu 

cn = ja, r.g (Xm.r)dr 
( 5 . 7 2 )  

The f a c t o r  E becomes 2 f o r  m = 0 and 1 f o r  m > 0, due t o   t h e   f a c t   t h a t  m 

( 5 . 7 3 )  

The i n t e g r a l  

The above i n t e g r a l  i s  evaluated  using  reference 27 on the   bas i s   t ha t  

Qm(A . r> = Jm(Amn.r) + AoYm(Xmn.r) mn 1 

where A, = constant = - 
Y;2(&.RT) 

( 5 . 7 5 )  

Now 

( 5 . 7 6 )  
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- Jm' (Xm.RI) .Ym' (Xm.\)] 
2 (5.77) 

The expression  within  the  parenthesis   goes  to   zero  due to t h e  boundary con- 
di t ion   ( see   equat ion  (5.67)). 

Therefore, 

(5.78) 

Therefore, 

(5.79) 
Therefore,   the modal c o e f f i c i e n t  Pm can be express as 

(5.80) 
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The above integral   can  be  evaluated  numerical ly   using a l l  t h e  measured 
p r e s s u r e   d a t a   e ( r , 0 ) .  However, the  above scheme is r e s t r i c t e d   t o   t h e   o r t h o -  
gona l   s i t ua t ion  where t h e  mean flow is  uniform  and  boundary walls are r i g i d .  
Therefore,  a general ized scheme t o   e v a l u a t e   t h e  modal c o e f f i c i e n t s ,  is  
developed  which can be  used  for   both  the  or thogonal   and  nonorthogonal  
s i t u a t i o n s .  P , i n   t h i s  case, i s  evaluated  f rom  the  several   angular   and 
r a d i a l  pressur&?measurements i n  the  fol lowing manner,  by  expressing  equation 
(5.70) as 

pm’ 

(5.81) 

where [A] = Qm ( h e r )  cosme, a c o e f f i c i e n t  matrix of t h e   o r d e r ,  MXN 

{Pm) = column matr ix  of t he   o rde r  NXl 

{p(r ,B))  = column matrix of t he   o rde r  MX1 
A 

L = t o t a l  number of measurements  both  radial  and  azimuthal 

N = t o t a l  number of modes, r ad ia l ,   a z imutha l  and c r o s s  modes (NIL) 

Equation  (5.81) is an  overdetermined  system of l i n e a r   e q u a t i o n s ,   t h e  
matrix A having  more  rows  than  columns  since  the number of measurements, L, 
is g rea t e r   t han   t he  number of unknowns, N. Overdetermined  systems arise i n  
experimental   or  computational work whenever  more r e s u l t s  are generated  than 
would be  required  i f   accuracy were a t t a i n a b l e .  A least squa re   so lu t ion  is 
used to   solve  such  an  overdetermined  system.  In   this  method a r e s i d u a l   v e c t o r ,  
E , i s  defined as fol lows:  

where aaj  , and b g  are the  e lements  of mat r i ces  A, Pmn and $ ( r y e > ,  res- 
pect ively.   XAince E cannot  ordinarily  be  reduced t o  t h e   z e r o   v e c t o r ,   a n   e f f w t  
i s  made t o   c h o o s e   x j   i n   s u c h  a way t h a t  E i s  minimized i n  some sense.   This is  
achieved by t h e   l e a s t - s q u a r e s   s o l u t i o n  which,  makes t h e  sum of the   squares  of 
t h e  components of t h e   r e s i d u a l   v e c t o r  a minimum. This   process  is ca r r i ed   ou t  
as fol lows:  

Let L N  
F = 1 ( 1 aaj xj  - be)2 

k=1 j=l 

Therefore,  
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From equation (5 .84 )  2 can  be  derived  as 

Using  equations (5 .84 )  and (5 .86)  the  intensity I can be expressed as 

where. 

(5 .86 )  

(5 .87 )  

The  intensity  expression  contains  only  the  contribution  due  to  the 
individual  modes  (i.e. IP 12). The corss  mode  terms (i.e.,  IP I . I p  " 1 )  do 
not  appear  in  equation ( y 8 7 )  due  to  the  orthogonal  behavior oFthe Yunction Q 
Therefore,  the  acoustic  power, W can  be  determined  by  integrating I over  the 
duct  cross  section  area. 

m' 

( 5 . 8 9 )  

1. For  Single  Stream  Duct 

For  single  stream  duct  equation ( 5 . 8 9 )  can  be  written  as 

W = f' 1 1 x lPmn l 2  J: (hmnr)  .cos2me.r.dr.df3 
m n  

0 0' 

2i7 
I ,% 

= 1 1 x lpmn ] cos2mede . 1 Jm2(Xm.r)rdr 
0 0 

m n  
or 

for m = 0 1 
(5 .90 )  
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Equat ing   the   above   express ion   to   zero   the   fo l lowing   equat ions   can   be  
obtained.  I 

where a r e  is t h e   t r a n s p o s e  of  conjugate of aei.  The above   equat ion ,   therefore ,  
can   be   wr i t ten   in   the   fo l lowing   mat r ix   form.  

where A is the   t ranspose   o f   conjugate   o f  A. H 

Therefore ,  

( 5 . 8 2 )  

(5 .83 )  

The  modal coe f f i c i en t s ,   t he re fo re ,   can   be   de r ived   f rom  equa t ion  ( 5 . 8 3 ) .  

5 . 3 . 2  Derivat ion  of   Acoust ic  Power i n  Modal Form 

The e x p r e s s i o n s   f o r   a c o u s t i c   p r e s s u r e   f o r   s i n g l e  stream duc t  as shown i n  
equat ion  ( 5 . 4 9 )  and t h a t   f o r   a n n u l a r   s t r e a m   d u c t  as shown i n   e q u a t i o n  ( 5 . 6 9 )  
can b e   w r i t t e n   i n  t h e  fol lowing  general   form: 

(5 .84)  

where Rm (Amnr) = Jm (Amnr) f o r   s i n g l e  stream duct  

= Q, (Amhr) f o r   a n n u l a r  stream duct .  

The a c o u s t i c   i n t e n s i t y   i n   a x i a l   d i r e c t i o n   c a n   b e   w r i t t e n   a s   f o l l o w s ,   f r o m  
re fe rence  2 1 

(1-M2) (1+3M2) IM(6 $I + M(l + M2) lz2 
2WP P C  

+ M(l - M2)* c2 
.2pc 

(5 .85 )  

Since 6 is  t h e  r m s  value  of   the  pressure,   measured i n  the   p re sen t   s tudy   and  
used i n   t h e   i n t e n s i t y   e x p r e s s i o n   o f   e q u a t i o n  ( 5 . 8 5 ) ,  a f a c t o r   o f  2 is  
m u l t i p l i e d   t o   t h e   o r i g i n a l   e x p r e s s i o n   d e r i v e d  i n  r e fe rence  21. 
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The  above  integration  is  evaluated  earlier  and  shown  in  equation (5.57). 

An  alternate  expression  for W is  derived  using  the  procedure  outlined  in 
reference 28 . 

( 5 . 9 2 )  

where  Won  is  the  acoustic  power  for  the  right  moving  pressure  wave  (i.e., 
incident)  calculated  when E =C 1 and  Wo$ is the  acoustic  power  for  left 
moving  pressure  wave  (i.e.,  reflected)  when E =- 1 for  on  mode. A summation 
over  all  the  modes  wouid  result  in  the  total  power.  Using  equation ( 5 . 9 2 )  
the  following  expression  for  the  transmitted  power  (WOn&is  derived. 

- 

The  plane  wave  mode  is a  special  case  when  n  becomes  zero.  In  this  case, 

xoo becomes  zero.  Therefore, 

( 5 . 9 4 )  

Since  no  radial  variation  exists  up  to-the  first  radial  cut  off  frequency,  in 
the  present  study, Pori simply  becomes ?( r ) .  Therefore,  equations l (5 .92)  and 
( 5 . 9 3 )  for  acoustic  powers  reduce  to  the  plane  wave  equations  (see  equations 
( 3 . 2 )  through ( 3 . 4 ) ) .  

2 .  For  Annular  Stream  Duct 

For  annular  stream  duct  equation ( 5 . 8 9 )  can  be  written  as 

( 5 . 9 5 )  
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Using  equation (5.79) the  expression  for W can  be  written as 

(5.96) 

where , 

E = 2  f o r m = O  

= 1  m > O  
mn 

5.3.3 Derivation  of  Reflection  Coefficient  in  Modal Form 

The  modal  reflection  coefficients  are  derived  using  the  modal  coefficients 
of  the  incident  and  the  reflected  pressures.  Therefore,  the  complex  modal 
power  reflection  coefficient, u can  be  expressed  as  follows: mn' 

(5.97) 

The  modal  power  reflection  coefficients  can  also  be  derived  from  modal  inci- 
dent  and  reflected  power. 

(5.98) 

An overall  power  reflection  coefficient 5 can  be  derived  from  the  ratio  of 
reflected  and  incident  power  accounting  for  all  the  modal  contributions.  To 
compare  the  area  weighted  reflection  coefficient,  (u)A,with  the  modal  and 
overall  power  reflection  coefficient E ,  the  amplitude  of 3,,,,, or E are  approx- 
imately  corrected  for  the  duct  Mach  number  as  follows: 
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5.3.4  Experimental   Results  for  Single  Stream Duct 

Tests w e r e  ca r r i ed   ou t   u s ing  a s t ra ight   duc t   t e rmina t ion   and  a 6.2 c m  
diameter   conical   nozzle   terminat ion a t  var ious  f low  condi t ions,   out l ined i n  
Table 5.1. The exper imenta l   p rocedure   and   the   da ta   ana lys i s   p rocess   to   der iye  
complex acous t i c   p re s su res  a t  n i n e   r a d i a l   l o c a t i o n s   f o r   e a c h  tes t  are des- 
cr ibed i n  s e c t i o n s  5.1 and  5.2. The complex pressures thus  derived were 
used i n  the   ana ly t i ca l   fo rmula t ion   desc r ibed   i n   s ec t ions  5.3.1 and  5.3.2 f o r  
modal decomposition  exercise.  A computer  program w a s  w r i t t e n   t o   e v a l u a t e  
modai acoust ic   powers ,   incident ,   ref lected  and  t ransmit ted,   us ing  equat ions 
(5.91)  and  (5.92).  Results  derived  by  equation  (5.91) are q u i t e  similar t o  
those  obtained  with  equation  (5.921,  except  for  very small d i f f e r e n c e s  a t  high 
frequencies  when mean flow Mach numbers were s i g n i f i c a n t .  The r e s u l t s   p r e -  
sented i n  t h i s   s e c t i o n ,  however, are evaluated  using  equation  (5.92).  

The inc iden t  power f o r   t h e  10 c m  d iameter   s t ra ight   duc t   wi th  MJ = 0 and 
0 . 2  and f o r   t h e   6 . 2  cm conica l   nozz le   wi th  MJ = 0,  0.4,  0.6  and 0.8 are pre- 
sented i n  f igures   5 .38   and   5 .39 ,   respec t ive ly .   In   each   f igure   the   spec t ra l  
d i s t r i b u t i o n s   o f   t h e   a c o u s t i c  power due to   p l ane  wave mode, (0,O); sum of 
plane wave and f i r s t   r a d i a l  mode, (0,O + 0 , l ) ;  sum of  plane wave and two 
r a d i a l  modes, (0,O + 0 , l  + 0 , Z ) ;  and sum of  plane wave and   t h ree   r ad ia l  modes, 
(0,O + 0 , l  + 0 ,2  + 0,3)  are presented. Also t h e  area weighted  acoust ic  power, 
computed  by plane wave power expressions  using area weighted  sound  pressure 
values, is p l o t t e d   i n   e a c h   o f   t h e   f i g u r e s .  

The r e f l e c t e d   a c o u s t i c  power spec t ra   and   the   t ransmi t ted   acous t ic  power 
s p e c t r a  similar t o   t h e   i n c i d e n t   a c o u s t i c  power are p lo t t ed   i n   f i gu res   5 .40  
and  5.41,  and  f igures  5.42  and  5.43,  respectively.  The observat ions made 
from t h e s e   f i g u r e s  are summarized as follows: 

(1) Up t o   t h e   f i r s t   r a d i a l   c u t - o f f   f r e q u e n c y ,   w h i c h  is about  4.2 KHz i n   t h i s  
ca se   ( i . e . ,  kRD = 3 . 8 3 ) , t h e   c o n t r i b u t i o n s   t o   t h e   i n c i d e n t ,   t h e   r e f l e c t e d  
and the  t ransmit ted  powers ,   due  to   the  higher   order  modes, are neg l ig ib l e .  

(2) Up to   t he   f i r s t   r ad ia l   cu t -o f f   f r equency   t he   a r ea -we igh ted  powers agree 
very w e l l  wi th   the  corresponding powers  computed by summing the   con t r i -  
bu t ions   o f   the   p lane  wave mode and  the  higher   order  modes. 

(3) Beyond 4.2 KHz ( i . e . ,  kRD = 3 .83) ,   t he   con t r ibu t ion   due   t o   t he   f i r s t  
r a d i a l  mode i s  s i g n i f i c a n t .  However, the   cont rTbut ions   due   to   o ther  
h igher   o rder  modes seem to   be   i n s ign i f i can t .   S ince   t he   s econd   r ad ia l  
cut-off  frequency is  about  7.7 KHz ( ~ R D  = 7-02) ,   the   cont r ibu t ion   of  
the   second  rad ia l  mode, i f   i m p o r t a n t ,  would have  been f e l t  beyond t h i s  
frequency. Kowever, fo r   t he   p re sen t   exe rc i se ,   s ince   t he   f r equency   r ange  
is l i m i t e d   t o  8 KHz, t h e  power est imat ion  can  be  done  accurately by 
accoun t ing   fo r   t he   con t r ibu t ions   o f   on ly   t he   p l ane  wave a n d   t h e   f i r s t  
r a d i a l  mode. 

As shown i n   s e c t i o n   5 . 2 ,   t h e   r a d i a l   v a r i a t i o n  of the   incdien t   and   the  
t ransmit ted powers is i n s i g n i f i c a n t  up to   t he   f i r s t   r ad ia l   cu t -o f f   f r equency ,  
and in   th i s   f requency   range ,   the   s ing le-poin t  measurement r e s u l t s ,  a t  r/D=0.4375, 
agree  very w e l l  with  the  area-weighted  values.   Therefore,  a s ingle-point  
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5.3 .5  Experimental  Results  for  Annular  Duct 

Tests  were  conducted  using  a  straight  annular  duct  termination  and  with 
a 6.2 cm  diameter  conical  nozzle  annular  termination  at  various  flow  conditions, 
outlined  in  Table 5.2. The  experimental  procedure  and  the  data  analysis 
process  to  derive  complex  acoustic  pressure  at 36 locations  in  the  annular 
region  are  described  in  sections 5.1 and 5.2. The  complex  pressures  thus 
derived  were  used  in  the  analytical  forniulation  for  modal  decomposition,  des- 
scribed  in  section 5.3.1. A  computer  program  was  written  to  evaluate  acoustic 
powers,  incident,  reflected  and  transmitted,  using  the  appropriate  expressions 
derived  in  section 5.3.2. For  the  present  study,  seven  modal  components  (i.e., 
radial,  circumferential  and  cross  modes  combined)  are  evaluated.  The  cut-on 
frequencies  and  the  eigen  values (A,RI) for  various  modes  are  derived  from 
the  boundary  condition,  equation (5.67). These  values  for  the  seven  modes  used 
in  the  present  study  are  listed  below  in  Table 5.3. 

Table 5 . 3 .  Cut-on  frequencies  and  eigen  values  for  various  modes. 

CIRCUMFERENTIAL  MODE RADIAL  MODE 
~- 

AllUl.RI CUT-ON  FREQUENCY, HZ 
m n 

0 0 0 .  0. 
0 1 1.603 5 196 
1 0 0.508  1647 
1 1 1.727  5595 
2 0 0.967  3134 
2 1 2.061  6677 
3 0 1.370  4440 

The  incident  power,  the  reflected  power,  the  transmitted  power  and  the 
reflection  coefficient  results  for  various  test  conditions  are  presented  in 
this  section.  In  each  case  the  spectral  distributions  of  the  acoustic  power 
(i.e.,  incident,  reflected  or  transmitted)  and  the  reflection  coefficient  due 
to plane  wave  mode, (0 ,O)  and  the six  other  higher  modes,  listed  in  Table 5 . 3 ,  
are  calculated.  These  results  are presented-in two  ways.  In  one  set  of 
results  (i.e.,  incident  and  reflected  modal  power),  the  contributions  of 
each  mode  to  the  acoustic  power  is  plotted.  In  another set, the  spectral 
distributions  of  the  acoustic  power  (i.e.,  incident,  reflected  and  trans- 
mitted)  and  the  reflection  coefficient  due  to  the  plane wave  mode (O,O), 
sum  of  plane  wave  and  first  circumferential  mode  (i.e., 0,O + l,O), sum of 
plane  wave  and  three  circumferential  modes, (0,O + 1,O + 2,O + 3,0), and  sum 
of  plane  wave,  three  circumferential  modes,  one  radial  mode  and  two  combination 
modes, (0,O + 1,0 + 2,O + 3,O + 0,l + 1,l + 2,l) are  presented.  Also  the 
corresponding  area-weighted  values  are  compared  with  the  modal  results. 
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"" 1. Strai-h-t  and  Conical  Annular'  Duct  System: 

Incident  Power: 

The  incident  pressure  field  for  different  configurations  is  measured 
upstream,of the  termination ii.1 the  straight  portion  of  the  coannular  duct 
system.  Therefore,  since  the  terminati.on  geometry  does  not  influence  the 
incident  pressure  field,  the  incident  power  spectra  for  a  straight  annular 
duct  termination  at MJ.= 0 and  for  a  conical  nozzle  annular  termination  at 
MJ = 0.6 are  presented  in  figures  5.44  and  5.45,  respectively,  to  study  the 
effect  of  mean  flow. 

The  incident  powers  due  to  individual  modes  are  presented  in  parts  (a)  and 
the  successive  sums  of  the  modal  powers  are  presented  in  parts (b) of  the 
respective  figures.  Figure  5.44(a)  clearly  indicates  that,  for  the  no  flow 
condition,  the  incident  power  is  dominated  by  the  plane  wave  mode.  The  contribu- 
tions  of  higher  order  modes  are  insignificant,  even  at  higher  frequencies  (see 
figure 5.44(b)). For NJ = 0.6,  the  contribution  of  higher  order  modes  seem  to  be 
significant  at  frequencies  above  6.5  KHz,  and  are  of  the  order of 2 to 3 dB as 
seen  in  figure  4.45(b). 

The  area-weighted  incident  power  is  higher  compared  to  the  sum  of  all 
the  modal  contributions,  at  higher  frequencies  above  4.5  KHz  for  the  no  flow 
condition  and  above 3 . 5  KHz  for M.J = 0.6, as  seen  in  figures 4.44(b) and 
4.45(b), respectively. 

Reflected  Power: 

Reflected  acoustic  power  spectra  are  presented  in  figures  5.46  through 
5.48  for  an  annular  straight  duct  termination  at MJ = 0.0, and  for  a  6.2  cm 
annular  conical  nozzle  termination  at MJ = 0.0 and MJ = 0.6, respectively. 
The  individual  modal  reflected  power  spectra  for  each  flow  condition  are 
presented  in  parts  (a)  and  the  successive  sum  of  the  modal  powers  are  presented 
in  parts (b) of  the  respective  figures. 

For  the  straight  annular  duct  with  no  mean  flow,  contributions  due  to 
higher  order  modes  at  higher  frequencies  (above 5 KHz)  seems  to  be  significant 
(see  figure  5.46(a))  compared  to  those  for  incident  power  in  figure  5.44(a). 
This,  in  fact,  is  clear  in  figure 5.46(b)  where  the sum of  all  the  modal  con- 
tributions  is  slightly  higher  (about 1 or 2 dB)  than  the  plane  wave  contri- 
bution,  above  4.5  KHz. 

By  changing  the  termination,  from  a  straight  duct  to  an  outer  conical 
nozzle,  the  reflected  powers  due  to  higher  order  modes  are  relatively  increased 
(see  figure 5.47(a)). This  effect  is  clearly  seen  in  figure  5.47(b)  where 
the  total  reflected  power  (i.e., sum of  all  the  modal  contributions)  is  higher 
compared  to  the  plane  wave  reflected  power  (about 2 to 3 dB)  at  frequencies 
above  4.5  KHz. 

With  the  initiation  of  flow,  that i s ,  with  a  conical  nozzle  at MJ = 0.6, 
the  reflected  powers  due  to  higher  order  modes  are  significantly  higher 
compared  to  those  at MJ = 0 for  the  conical  nozzle  or  the  straight  duct  term- 
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ination. This is clearly seen in  figure 5.48(a) where the  total  reflected 
power  above 4.5 KHz is about 3 to 8 dB higher compared  to  the  plane wave 
reflected  power. 

A s  seen in figures 5.46  through  5.48,  the  area-weighted  reflected  powers 
are  greater  than  the modal sums at frequencies above 2 to 3 KHz. The dif- 
ference  becomes  large in the  presence  of mean flow. 

Transmitted Power: 

Transmitted  power  spectra  for the straight annular duct with no mean flow, 
and  the conical nozzle  termination  without and with  mean flow are  presented 
in figure 5.49. In this case the successive sum of  various  modal  contributions 
are  plotted.  Even  though  a  difference  in  the  reflected  power  between  the  total 
and  that due to  plane wave mode  is  observed  at higher frequencies, its effect 
on transmitted  power  is  insignificant. This is  due  to  the  dominating  effect 
of  incident wave and  due to  the cancellation of  the higher order mode contrib- 
utions  between  incident  and  reflected  powers in the  process  of  transmitted 
power  computation. 

Another  useful  observation  is  that  the  area-weighted  transmitted  power 
spectra  agree well with  the  total modal power. However, some difference 
does  exist at higher  frequencies,  and  the  difference  is  relatively  larger 
for the nozzle  termination  in the presence  of  flow. 

The transmitted  power  for  the  nozzle  termination with no  mean flow seems 
to be  negative  at  lower  frequencies,  below 500  Hz (see figure 5.49). This is 
due to higher  reflected  power  compared to  the incident  power.  Such  a 
phenomena is not  physically  possible. The only  explanation for this  is an 
erroneous  estimation of reflected  power. 

The most  probable  reason for this is the  superimposition  of  a  low- 
frequency  pulse on the  reflected  signal. This unwanted low frequency  pulse 
could  have  been  generated  by  the  reflection  of  the  incident or refiected 
pulse  from some object  within the annular region, and  this  might  have  reached 
the  induct  measuring  probe  at  the  same  time  instant when the  reflected 
pulse was recorded. However, at this stage one can simply  ignore  the  data 
below 500 Hz. 

Reflection  Coefficients: 

The modal  reflection  coefficients  of  the straight annular  duct with no 
mean flow and  the conical annular nozzle  without  and  with  mean flow are pre- 
sented in figure 5.5d. The successive  sums  of  various modal reflection  co- 
ef'ficient spectra are plotted in this  figure. For the  annular  straight  duct 
the  reflection  coefficient  spectra  due  to  the  plane wave mode coincides well 
with the  total  reflection  coefficient  spectra  up  to about 5 KHz.  (first radial 
cut on frequency). At frequencies  above  5 KHz, appreciable difference  is 
observed  between  the  plane wave reflection  coefficients  and  those due to 
the sum of all the  modal  contributions (see figure 5.50 (a)). 
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" The  area-weighted  refle'ction  coefficient  spectra  for  the  no  flow  case 
compare  well  with  the  modal  spectral  distribution  up  to  about  4.5  KHz  for  the 
straight  duct  and  3 KHz for  the  conical  nozzle  (see  figure  5.50(a)  and (b)). 
However,  with  mean  flow (?4J = 0 . 6 ) ,  the  area-weighted  reflection  coefficient 
spectrum  differs  considerably  from  the  modal  results  above 2 KHz. 

2, . S-t~rgight.  Annular.D-u.t.w%h- . . .  . . . .. Blocking  Absorbing  Material  at  the  Termination 

The  reflected  power  spectra,  the  transmitted  power  spectra,  and  the 
reflection  coefficient  spectra  for  the  annular  duct  with  a  2.5  cm  thick 
polyurethane  foam  mounted  to a &tee1  plate  at  the  exit  plane,  are  presented  in 
figure  5.51.  The  contributions  of  higher  order  modes  are  quite  insignificant 
even  in  higher  frequency  region  (figure 5.51(a)). However,  the  area-weighted 
values  of  reflected  power  are  much  higher  compared  to  the  total  modal  data, 
above  3  KHz. 

When  the  transmitted  power  spectra  due t o  various  modal  contributions 
and  the  area-weighted  spectrum  are  examined  (see  figure  5.51(b)  very  little 
difference  is  observed  between  them.  The  reflection  coefficient  spectra  for 
the  absorbing  material  are  shown  in  figure 5.51(c). 

." 3. ___ Straight . .  Annular  Duct  with  a  Rigid  Steel  Termination  Blocking  the  Opening 

The  spectral  distribution  of  the  reflected  power  and  the  reflection 
coefficient  for  the  rigid  termination  are  presented  in  figure  5.52.  The 
reflection  coefficient  values  are  expected t o  be  unity  (i.e.,  zero  dB)  for  all 
the.  frequencies.  However,  a  discrepancy  of  about 1 to 2 dB  is  found  in  the 
present  results  up  to  3.5  KHz.  For  higher  frequencies  the  spectral  levels 
show  much  more  deviations  from  zero dB, which  indicates  an  inaccurate  eval- 
uation  of  reflected  pressure  field.  The  accuracy  can  be  increased  by  account- 
ing  the  contributions  of  other  higher  order  modes  and  this  is  possible  by 
increasing  the  number  of  radial  and  azimuthal  measurements.  The  deviation  of 
results  from  zero  dB  level  could  also  be  due  to  the  slightly  non-uniform 
annular  height  along  the  axial  direction  caused  by  fabrication  inaccuracy. 

5.4  CONCLUSIONS 

Important  conclusions  derived  from  the  results  presented  in  this  section 
are  suinmarized  below: 

5...4.1  Single  Stream  Duct/Nozzle  System 

(1) Badial  variation  of  incident  pressure  is  insignificant  up  to  about 
4 KHz  (first  radial  cut-on  frequency,  kRD = 3.83),  even  in  the  presence  of 
mean  flow. 

(2) The  reflected  pressure  and  the  reflection  coefficient  are  uniform 
across  the  cross  section  up  to  about 2 KHz. 

(3)  Transmitted  power  computed  using  area-weighted  sound  pressure  levels 
agrees  well  with  that  computed  using  a  single-point  pressure  measurement 
near  the  wall.  Therefore,  a  single-point  measurement  near  the  duct  wall  is 
adequate  for  estimating  the  transmitted  powp-2. 
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( 4 )  The acoustic  field  is  considerably  influenced  when  a  probe with 
large  Limensions is traversed into.the duct,  and  the  effect  is  severe in the 
presence  of  flow. However, if  the  measurement  is  made  near  the wall, the 
acoustik  field is not influenced  much. 

( 5 )  The induct  powers (i.e. incident,  reflected  and  transmitted)  computed 
using  area-weighted  pressure  values  agree well  with  the  corresponding  powers 
computed  by  summing  the  contributions  of  plane wave mode and  the  higher  order 
modes: 

(6) Contribution  to  the  induct  powers  due  to  the  first  radial  mode 
(beyond kRD = 3.83)  is  significant. 

5.4 .2  Annular  Stream  Duct/Nozzle  Svstem 

(1) Radial and  azimuthal  variation  of  incident  pressure  field,  in  the 
absence  of  mean  flow,  is  insignificant  up  to  about 5 KHz (X01R1 = 1.603). In 
the  presence  of flow, the  radial  variation  remains  insignificant  but  the 
azimuthal  variation  becomes  noticeable  even  in  the  lower  frequencies  (below 
5 Kdz). 

(2) Radial  variation  of  reflected  pressure  field  in  the  absence  of  flow 
is  very small up  to  about 5 KHz, however, the  azimuthal  variation  is  signifi- 
cant  at  frequencies  above 2 KHz. In  the  presence  of  mean  flow,  the  radial 
variation  of  reflected  pressure  field  becomes  significant  and  the  azimuthal 
variation  is  even  larger. 

( 3 )  The incident  power  is  mainly  controlled by the  plane wave  mode 
pressure  data. The contributions  of  higher  order  modes  remain  insignificant 
throughout  the  frequency  range  in  the  absence  of  mean  flow. However, with 
mean  flow,  the  contributions  of  higher  order  modes  are  felt  at  higher  fre- 
quencies  above 6 KHz. 

( 4 )  The contributions  of  higher  order  modes  to  the  reflected  power  is 
felt  at  frequencies  above 4 .5  KHz. In the  absence  of  flow,  the  contributions 
due  to  higher  order  modes  are  quite  small  compared  to  those  with  mean  flow. 

(5) Even  though  the  higher  order  contributions  are  significant  for  the 
reflected power,  the  transmitted  power  seems  to  be  little  affected  by  higher 
order  modes. This is  a very  useful  observation: when only  the  transmitted 
power  is needed, one can  easily  measure  this  parameter  with a single-point 
measurement  and  can  avoid  all  the  laborious  process  of  modal  analysis, 
provided  the  acoustic  source  orientation  is  similar  to  that  used in  the pre- 
sent  study  where  the  annular  pressure  field  is  dominant by  the  plane wave 
mode. . 
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6 . 0  VALIDATION OF ACOUSTIC IMPULSE TECHNIQUE 

In t h i s   s e c t i o n ,   e x p e r i m e n t a l   r e s u l t s   o b t a i n e d   b y   u s i n g   t h e  
acous t ic   impulse   t echnique  are compared   wi th   resu l t s   ob ta ined   main ly  by 
the  impedance  tube  method.   These  comparisons  include  (a)   ref lect ion 
c o e f f i c i e n t s ,  ( 2 )  f a r - f i e l d   s o u n d   p r e s s u r e  level  spec t r a ,   and  (3) t h e  
power  imbalance  spectra (i.e., t h e   d i f f e r e n c e   b e t w e e n   t h e   f a r - f i e l d  
sound  power W f  and the   t ransmi t ted   sound power W t )  f o r  a 10 cm diameter  
duct  and a 6 . 2  c m  d i ame te r   con ica l   nozz le   t e rmina t ions ,   w i th   and   w i thou t  
f l o w .   I n   a d d i t i c n ,   t h e   r e f e l e c t i o n   c o e f f i c i e n t   s p e c t r a   f o r   a n   a b s o r b i n g  
m a t e r i a l  and f o r  a r i g i d   t e r m i n a t i o n   d e r i v e d   u s i n g   t h e   a n n u l a r   f a c i l i t y  
are compared w i t h   t h e   c o r r e s p o n d i n g   d a t a   m e a s u r e d   i n  a c l a s s i c a l  
impedance  tube. 

It h a s   b e e n   e s t a b l i s h e d   i n   s e c t i o n  5 t h a t  a s i n g l e - p o i n t   i n d u c t  
measurement a t  o r  n e a r   t h e   d u c t   w a l l  i s  adequa te   t o  estimate t h e   i n c i d e n t  
and t h e   t r a n s m i t t e d   p r e s s u r e   f i e l d   ( a n d   t h e   a s s o c i a t e d   a c o u s t i c  power 
v a l u e s )   i n   t h e   d u c t  up t o   t h e   f i r s t   r a d i a l   c u t -   o f €   f r e q u e n c y .  
T h e r e f o r e ,   t h e   e x p e r i m e n t a l   r e s u l t s   d e r i v e d   u s i n g   t h e   a c o u s t i c   i m p u l s e  
technique  with  s ingle-point   induct   measurements  a t  r / D  = 0.4375 a re   u sed  
i n   t h e   v a l i d a t i o n   e x e r c i s e .  

6.1 IMPLICATIONS OF FLOW I N  IMPEDANCE TUBE Ml?ASUIE?.IENTS 

The classical  impedance  tube  setup  consis ts   of  a tube   wi th   an  
a c o u s t i c   d r i v e r  a t  one  end  and  the  sample  whose  impedance is t o  be 
measured a t  the   o the r   end .   Dur ing   t he   ac tua l   expe r imen t ,   t he   d r ive r  
g e n e r a t e s   a n   i n c i d e n t  wave  of a des i r ed   f r equency .   Th i s  wave propagates  
a l o n g   t h e   t u b e   u n t i l  i t  impinges  upon  the  sample  under test. The in t e r -  
a c t i o n   b e t w e e n   t h e   i n c i d e n t  wave and   the  t es t  s a m p l e   r e s u l t s   i n  a 
r e f l e c t e d  wave wi th   modi f ied   ampl i tude   and   phase .   The   re f lec ted  wave 
then   combines   wi th   the   inc ident  wave to   form a s t a n d i n g  wave p a t t e r n   i n  
t he   t ube  whose s t ruc tu re   depends ,  among o the r   pa rame te r s ,  upon t h e  
impedance of the  sample material. The s t r u c t u r e  of t h e   s t a n d i n g  wave i s  
measured by t r a v e r s i n g  a microphone  probe  a long  the  tube.   The unknown 
impedance i s  t h e n   c o m p u t e d   u s i n g   a n   a n a l y t i c a l   s o l u t i o n   f o r   t h e   s t a n d i n g  
wave which r e l a t e s   t h e  wave s t ructure   to   the  sample  impedance.   The 
c lass ica l   impedance   tube   exper iment  i s  r e s t r i c t e d   t o   s i t u a t i o n s  
involving  no mean flow. 

I n   t h e   p r e s e n t   i n v e s t i g a t i o n ,   t h e  tes t  sample was rep laced  by an  
open   end   (e i ther  a s t r a i g h t   d u c t   o r  a c o n i c a l   n o z z l e   t e r m i n a t i o n )   a n d  
t h e   d r i v e r   e n d  of t h e   t u b e  was c o n n e c t e d   t o   t h e  a i r  flow  system. 
Therefore ,  a t r a v e r s e  mechanism s i m i l a r   t o  one  used i n   t h e   c l a s s i c a l  
impedance  tube  could  not be   used .   Ins tead ,a   modi f ied   t raverse  mechanism w a s  
needed   to   measure   the   s t ruc ture  of t h e   s t a n d i n g  wave i n   t h e   t u b e  w i t h  
flow.  Moreover, a simple  microphone  could  not be  used for   the  measurement ,  
s ince   t he   p re sence   o f   f l ow would introduce  s t rong  hydrodynamic pressure 
f l u c t u a t i o n s   i n   t h e   t u b e .   T h e r e f o r e ,  some m o d i f i c a t i o n s   t o   t h e  
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microphone  and  to  the  measurement  technique were necessa ry   t o   e l i rn ina ' t e  
t h e   e r r o r s   d u e   t o   f l o w   n o i s e .  

6.2 EXPERIMENTAL CONFIGURATION 

For  the  impedance  tube tes ts ,  t h e   e x p e r i m e n t a l   c o n f i g u r a t i o n  shown 
i n   f i g u r e  3.1 was modi f ied   by   rep lac ing   the   induct   microphone   wi th  a 
microphone  t raverse   mechanism.   Figure 6.1 i s  t h e   s c h e m a t i c  of t h e  
mic rophone   t r ave r se   mechan i sm  spec ia l ly   des igned   fo r   t he   p re sen t  
program. In t h i s   s y s t e m  a 183 cm long ,  0 .3  cm OD s t e e l ' t u b e  was used as 
t h e   m o t i o n   t r a n s m i t t e r .   T h i s   t u b e  was i n t r o d u c e d   i n t o   t h e  10 c m  
d iameter   f low  tube   th rough a 0.635 c m  OD tube  which w a s  f i x e d   t o   t h e  
f l o w   t u b e   ( s e e   f i g u r e   6 . l ( b ) )   a b o u t  35 cm ups t r eam  o f   t he   t e rmina t ion .  
T h i s  35 c m  long   t ube  was removable so t h a t   e i t h e r  a s t r a i g h t   d u c t  o r  a 
conica l   nozz le   could   be   used  as t h e   t e r m i n a t i o n .  The  microphone 
car r ' i age   sys tem,  shown i n   f i g u r e   6 . l ( a ) ,  was a t t a c h e d   t o   t h e   m o t i o n  
t ransmi t te r   tube .   The   probe   microphone  was a t tached   to   the   microphone  
suppor t   tube  shown i n   f i g u r e   6 . l ( a ) .  The   shape   o f   t h i s   suppor t   t ube  was 
s u c h   t h a t  i t  c o u l d   a l s o   b e   u s e d   t o   t r a v e r s e   t h e   m i c r o p h o n e   i n s i d e   t h e  
c o n i c a l   n o z z l e .  The  probe  microphone  faced  the  driver  end  and  stayed 
a l o n g   t h e   c e n t e r l i n e  of t h e  10 cm diameter   f low  tube.   The  connect ing 
wire  between  the  microphone  and  the  microphone  power  supply  ran  inside 
t h e  0.3 cm O D  mot ion   t r ansmi t t e r   t ube .  To keep   t he   mic rophone   ca r r i age  
s t a b l e   i n s i d e   t h e   f l o w   t u b e ,  a t r i a n g u l a r   s h a p e d   s t r u c t u r e ,   a s  shown i n  
f i g u r e   6 . l ( a )  , was used t o  f i t   s n u g l y   a g a i n s t   t h e   i n n e r   s u r f   a c e  of t h e  
f low  tube.  A convent iona l   type  of nose  cone was used   for   the   microphone  
t o  m i n i m i z e   t h e   e f f e c t  of   f low  noise  i n  the  measurements. A 
photographic   view of t h e   s e t u p  i s  shown i n  f i g u r e  6.2.  

6 . 3  EXPERIMENTAL PROCEDURE 

T h e   e x p e r i m e n t a l   p r o c e d u r ? ,   i n   p r i n c i p l e ,   c o n s i s t s  of measur ing   the  
minimum and maximum p r e s s u r e s ,  and t h e   l o c a t i o n  of minimum p r e s s u r e  of 
t h e   s t a n d i n g  wave a t  each   f requency ,   ins ide   the   duc t ,   which   could  be 
used   t o   de t e rmine   t he   r e f l ec t ion   coe f f i c i en t   and   impedance   va lues  of 
t h e   t e r m i n a t i o n .  T h e  f a r - f i e l d  sound   p re s su re   l eve l s   a r e   a l so   measu red  
t o   d e t e r m i n e   t h e   a c o u s t i c  power t ransmiss ion .   However ,   in   the   p resence  
o f   f l ow,   t he   sound   p re s su re   l eve l s   i n s ide   t he   duc t   and  i n  t h e   f a r   f i e l d  
cannot   he   measured   d i rec t ly .  To g e t   t h e s e   p r e s s u r e   l e v e l s ,   t h e   s i g n a l  
measured by each of the   microphones   needs   to   be   averaged   in  time domain 
t o   e l i m i n a t e   t h e   f l o w   n o i s e .  The c l e a n   s i g n a l ,   a f t e r   a v e r a g i n g ,  i s  
F o u r i e r   t r a n s f o r m e d   t o   g e t   t h e   s o u n d   p r e s s u r e   l e v e l .   T h e r e f o r e ,   i n s i d e  
the   duc t   t he   p robe   mic rophone  was p l a c e d   a t  a number  of a x i a l   l o c a t i o n s  
and t h e  c o r r e s p o n d i n g   s i g n a l s  were recorded  on a tape   recorder .   These  
r e c o r d e d   s i g n a l s  were used t o   g e t   t h e  s o u n d   p r e s s u r e   l e v e l s  a t  t h o s e  
l o c a t i o n s .   T h e s e   a c o u s t i c   p r e s s u r e   d a t a   a n d   t h e i r   c o r r e s p o n d i n g   a x i a l  
l o c a t i o n s  were then   used   to   de te rmine   the  wave s t r u c t u r e   i n   t h e  
impedance   tube .   The   in format ion   ob ta ined   inc luded   the   inc ident   and   the  
r e f l e c t e d   p r e s s u r e s ,   t h e   c o m p l e x   r e f l e c t i o n   c o e f f i c i e n t ,   a n d   t h e  
rad ia t ion   impedance   us ing  a modif ied  impedance  tube  technique (refs. 29 
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(b) MICROPHONE  CARRIAGE  MOUNTED ON DUCT-NOZZLE  SYSTEM 

F igure  6 . 1  Schematic  showing  the  microphone  traverse 
mechanism for   the  impedance tube  measurement. 



Figure 6.2 Photographic view of the impedance tube facility mounted 
on the flow duct. 



and 30) w i t h  a non l inea r   r eg res s ion   approach  (ref. 31). 

The s ignals   measured by each of the   microphones   p laced   in   the   fa r  
f i e l d  were a l s o   r e c o r d e d   i n  a tape   recorder   and  were averaged i n  time 
domain t o   o b t a i n   t h e   f a r - f i e l d  sound p res su re   l eve l s .   The   f a r - f   i e ld ,  
the   inc ident ,   and   the   re f lec ted   sound  pressure   l eve ls ,   thus   ob ta ined ,  
were used to   de t e rmine   t he   i nc iden t  (Wi), t h e   r e f l e c t e d  (W,),, t h e  
t r ansmi t t ed  (W,), and t h e   f a r   f i e l d  (Wf) powers  using  plane wave 
r e l a t i o n s h i p .  

6.4 MATHEMATICAL APPROACH OF MODIFIED IMPEDANCE TUBE TECHNIQUE 

The modified  impedance  tube  technique  to  determine  the  termination 
impedance  and r e f l e c t i o n   c o e f f i c i e n t   i n   t h e   p r e s e n c e  of  non-uniform mean 
f low  wi th   ax ia l  mean tempera ture   g rad ien t   and   wi th   ax ia l   acous t ic   loss  
due t o   p a r t i c l e   i n t e r a c t i o n  is  d e s c r i b e d   i n   r e f e r e n c e  29. A 
cor re spond ing   s i t ua t ion   w i th   cons t an t   t empera tu re   and  mean f low  ( i .e .  
i s en t rop ic   f l ow  cond i t ion )  i s  p resen ted   i n   r e f e rence  30 where  higher 
o rde r  modes were a l so   cons idered .  However, i n   t h e   p r e s e n t   s t u d y ,   f o r  
t h e   v a l i d a t i o n  of the  impulse  technique,   the   modif ied impedance  tube 
technique i s  a p p l i e d   t o   t h e   i s e n t r o p i c   f l o w   c o n d i t i o n   f o r   p l a n e  wave 
propagation mode o n l y .   T h e   a n a l y t i c a l   s t e p s   p e r t i n e n t   t o   t h i s , s i t u a t i o n  
are  as fol lows:  

The one-d imens iona l   conserva t ion   equat ions   for   i sen t ropic   f low,  
assuming  per iodic  time dependent   acous t ic   p ressure   and   ve loc i ty   can   be  
w r i t t e n  as: 

The 

A 

Continui ty:  i w r ; + p - + v * = o  dx  dx 
du 

Momentum: iwu + v - = - L* du 
dx P dx 

Energy : 

set  of equations  can  be combined and  expres sed 

(6.1) 

as follows : 

( 6 . 4 )  
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The so lu t ion  of equat ion (6.4) can  be  represented as  

p = A +  e -  - i k x   i k x  
1+M A- "l" 

and therefore ,  

pcu = A+ e - - - ikx   ikx  A e -  1+M - 1-M 

Le t 

where A+ and A -  a re   t he  complex incident  and re f lec ted   p ressures  at, x = 0 

e = r e f l ec t ion   coe f f i c i en t   ampl i tude  

r ( 2  +1) = r e f l ec t ion   coe f f i c i en t   phase  a t  x=O 

- 2 r a  

I (6 .9)  

Theref  ore, 

p = - i A e  s i n h [ r a  - i ( r B  + klx)]  i a x  

-iAeiax 

P C  
u =  ( c o s h h a  - i ( r B  + klx) ]  1 

kM 
1-M2 where a = -  

k k l  = - 1-M2 

The terminat ion impedance is  defined as 

(6.10) 

(6 .11)  

(6 .12)  

Therefore ,   the   res i s tance  R and the  reactance X can  be  expressed as 
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sinh  (2ra  
cosh(2na) + c;s(PnB) 1 

.I . - sin(2rS)  
and x = cosh(2na) + cos(2a6) 

The te rmina t ion   re f lec t ion   coef f ic ien t  and  impedance can be 
evaluated  using  equations (6.9)  and  (6.131, respect ively,   once  the 
values of a and I3 are known. 

Several  methods are avai lable   for   determing a and f3 experimentally 
which involve measurement  of the  standing wave p a t t e r n   i n   t h e  impedance 
tube. The dependence of the   s tanding wave p a t t e r n   f o r   t h e   p r e s s u r e  
o s c i l l a t i o n s  on t h e   l o c a t i o n   i n   t h e   t u b e  is obtained from equat ion 
(6.10). These p res su re   o sc i l l a t ions  are described by 

P = IPI e 
i ( 6  + u t )  

(6.14) 

where the  pressure  amplitude  lp I i s  given by 

[ P I  A[cosh2ra - cos2a(f3 + ,)I 2x 4 
(6.15) 

where 

x = - -  2a - . 2a (1-M2) = Axial wave length.  
kl 

6 = ax + Arc tan[tanhaa.cota(B + ?;->I 2x 
(6.16) 

In  this  experiment,   pressure  amplitudes are measured i n   d e c i b e l s .  The 
sound p res su re   l eve l   i n   dec ibe l ,  L, is defined as 

L - 20 loglo .M 
"ref 

(6.17) 

where p = re ference   p ressure   l eve l  
ref 

= 2 x dynes/cm2. 

Therefore, 

L - Adb + 10 loglo  [coshzra - cos2r(B + T)] (6.18) 
2x 

The most widely  used method fo r   f i nd ing  a and B is the   t ravers ing  
microphone  technique. It cons i s t s  of a microphone  probe  which i s  used 
t o   t r a v e r s e   i n   t h e  impedance  tube i n   a x i a l   d i r e c t i o n   i n   o r d e r   t o  measure 
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the   s tanding  wave pa t te rn .  Ry measuring  the  distance  between two 
success ive  minima, t he  half-wave  length X / 2  is determined. The Value Of 
B i s  then computed  by measur ing   the   d i s tance   wnfrom  the   sample   to  the 
f i r s t  minimum.  From equat ion (6.15) or  equation  (6.18),  this'minimum 
occurs when 

cos2a(B + - 2Xmin ) =1 ' X  I 

o r  when B + - 2xmin = 0 
X 

o r ,  6 = - -  2 x d n  

1 (6.19) 

J 
I . -  ._ b .  . A  

Then a is obtained by measuuring a maximum pressure  amplitude  where 

lpmaxl = A coshaa 

and a minimum pressure  ampli tude,  where 

Ipmin I = A sinhTa 

Then 

tanhaa = -- 1 Pmin I 
Pmax 

(6.20) 

However, in   the  present   experimental   technique,   instead of 
determining  the  values  of pressure maximum, pressure  minimum, and the 
loca t ion  of pressure  minimum, the   acous t i c   p re s su re  i s  measured a t  
s eve ra l  axial  loca t ions .  Wave length  h i s  computed  from the  f requency 
and the   induct  s ta t ic  temperature  and i s  given by 

where f = f requency  in   Hertz .  

(6.21) 

c is determined  from  temperature  measurements.  In  principle, 
three  pressure  amplitude  measurements ] p1 I , I p2 I , I p3 I et d i f f e r e n t  axial  
loca t ions  x x2, x3 are requi red   to   de te rmine  a, B and A. 1' 
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a = - En (z + Jz2-1) 

B = 7 Iln (Arc tan y) 1 
1 

2n 

1 (6.22) 

where : 

Anl = COS - X - P COS - X 4n 4n 
A n n l  A 1  

Bnl = s i n  - x - Pnl s i n  - x 41T 4n 
A n  A 1  1 n = 2 , 3  

P 2  
Pnl = If1 f o r   a m p l i t u d e s   i n   p s i  

1 (6.24) 

a n  - L1) 

Or  'nl 
= 10 2o f o r   a m p l i t u d e s   i n  dB 

P 2  

1 
Pnl = If1 f o r   a m p l i t u d e s   i n   p s i  

a n  - L1) 

Or  'nl 
= 10 2o f o r   a m p l i t u d e s   i n  dB 

1 (6.24) 

According t o   t h e   a b o v e   d i s c u s s i o n   a n y   t h r e e   a c c u r a t e   p r e s s u r e  
measnrements   can   be   used   to   de te rmine   the  unknown a ,  B and A. However, 
e r r o r s   i n   e x p e r i m e n t a l   m e a s u r e m e n t s   r e s u l t   i n   e r r o r s   i n   t h e   c o m p u t e d  a ,  B 
and A. These   e r rors   can   he   min imized   by   increas ing   the   number  of 
a c o u s t i c   p r e s s u r e   m e a s u r e m e n t s   a n d   u t i l i z i n g  a n o n - l i n e a r   r e g r e s s i o n  
t e c h n i q u e   i n   t h e   d a t a   r e d u c t i o n  scheme (ref.  31). 

N o n l i n e a r   r e g r e s s i o n   c o n s i s t s  of f i n d i n g   t h e   v a l u e s   o f  a,B and A 
w h i c h   g i v e   t h e   b e s t   f i t   b e t w e e n   t h e   t h e o r e t i c a l   c u r v e   d e s c r i b e d  by 
e q u a t i o n  (h.15) a n d   t h e   e x p e r i m e n t a l   p o i d t s .   T h i s  i s  accomplished  by 
computine; t h e   v a l u e s  of a ,  B and A which  minimize  the  root-mean-square 
d e v i a t i o n   b e t w e e n   t h e   t h e o r e t i c a l   c u r v e   a n d   t h e   e x p e r i m e n t a l   p o i n t s .  To 
f i n d   t h e  minimum root -mean-square   devia t ion ,   the   fo l lowing   func t ion  F is 
minimized: 

n 

i= 1 
. F = 1 [Ei - Ti(a,B,A)I2, 'A'  i n   p s i  (6 .25a)  
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n 

i= 1 
O r  F E 1 [Ei - Ti(a,B,A > I  2, 'Adb' i n  dec ibe ls   (6 .25b)  db 

The parameter E i  represents   the   p ressure   ampl i tude   measured  a t  a 
d i s t a n c e  x i  from the   t e rmina t ion   where  i = 1, 2, ... n.  The 
c o r r e s p o n d i n g   t h e o r e t i c a l   p r e d i c t i o n  T i  is given as 

For   Ampli tudes  in   psi ,   and i (6.26) 

For  Amplitudes  measured 

If a minimum f o r  F e x i s t s ,   t h e n  

aF aF  aF  aF - 0 
aa - a o  - aA aAdb 

n aT . 

n aT i 
1 (Ei-Ti) - = 0 

i= 1 a B  

where, f o r  pressure  measur 
i= 1 1 

" aTi - ITA coshna.   s inhna 
aa [cosh2na - cos*n(B + %)I x i  +i 

aTi - [cosh2aa - cos2,(B + - 11 and - - 2xi % 
a A  x 

in  d e c i b e l s  

(6.27) 

(6.. 28) 

(6.29) 

and ,   fo r   p re s su re   ampl i tudes   i n   dec ibe l s ,  
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aTi s inhna.coshna 

cosh2na - cos2n(8  
” - (20n10ge) E 
aa 

aTi  

aAdb 
and ” - 1  

Once equat ions   (6 .28)   a re   so lved ,   the   va lues   o f  a,B and A o r  Ad5 are 
ob ta ined   wh ich   p rov ide   t he   bes t   f i t   be tween   t he   t heo re t i ca l   cu rve  
descr ibed  by equation  (6.26) and the   exper imenta l   da ta .   S ince   equat ions  
(6.28) are  n o n l i n e a r ,   a n   e x p l i c i t   s o l u t i o n   f o r  a,B and A o r  Adb cannot 
be  derived  and  the  equations  must be solved  numerical ly .   Marquardt’s  
a lgor i thm  ( re f .   32)  i s  used to   so lve   equat ions   (6 .28) .   This   a lgor i thm 
is  an   ex tens ion  of t h e  Newton-Raphson method,  and a t   t h e  same time i t  
i m p r o v e s   t h e   s t a b i l i t y   c h a r a c t e r i s t i c s .  To s t a r t   t h e   i t e r a t i o n ,  
equat ion   (6 .15)   .o r   equa t ion   (6 .18)  i s  s o l v e d   e x p l i c i t l y   f o r  a,B and A o r  
Adb us ing   var ious   combina t ions  of three  amplitude  measurements  and 
equations  (6.22).   The  value  of a, 8 ,  A and Adb obtained  f rom  the 
combination  which  gives  the minimum value  of F from  equation  (6.25)  are 
then   used   to  s tar t  t h e   i t e r a t i o n .  The d e t a i l s  of t h e   i t e r a t i o n  
procedure are d e s c r i b e d   i n   r e f e r e n c e s  29 and 30.  

6.5 CALIBRATION OF THE PROBE MICROPHONE 

A Knowles  microphone was used   as   the   induct   p robe   microphone   for   the  
impedance  tube  measurements.   Before  install ing i t  i n   t h e  impedance  tube 
f a c i l i t y ,  i t  was c a l i b r a t e d   w i t h   r e s p e c t   t o  a 6.2 mm B&K microphone a t  
var ious  f low  condi t ions.   The B&K microphone  with  nose  cone  and  the 
probe  microphone were mounted i n s i d e   t h e   f l o w   d u c t   s i d e  by s i d e ,   b o t h  
f a c i n g   t h e   f l o w   d i r e c t i o n   ( s e e   f i g u r e   6 . 3 ) .  The a c o u s t i c   d r i v e r ,  which 
was mounted  upstream i n   t h e   d u c t ,  was e x c i t e d  by s i n u s o i d a l   s i g n a l s  a t  
var ious  f requencies .   The  corresponding  outputs   of   each  of   the two 
microphones mounted i n s i d e   t h e   f l o w   d u c t  were recorded   under   the  same 
f low  cond i t ions  a t  which  the  actual   impedance  tube tests were t o  be 
conducted.   These  recorded  s ignals  were s igna l   ave raged  and Four i e r  
t ransformed  subsequent ly   and a r e l a t i o n s h i p   b e t w e e n   t h e  two microphones 
a t  each  frequency  and a t  each   f low  condi t ion  was derived  which w a s  used 
as t h e   c a l i b r a t i o n   f o r   t h e  Knowles microphone. 

6.6 COMPARISON OF  EXPERIMENTAL  RESULTS  FOR  SINGLE  STREAM DUm 

Some o f   t he   expe r imen ta l   r e su l t s   de r ived  by u s i n g   t h e   r e f i n e d  
acous t ic   impulse   t echnique  are compared  with  the  corresponding  resul ts  
ob ta ined  by the  impedance  tube  method.  The  impedance  tube  data were 
a c q u i r e d   a t   f r e q u e n c i e s  up t o   t h e   f i r s t   c i r c u m f e r e n t i a l  mode frequency 
o f   t h e   d u c t .   T h e   f i r s t   c i r c u m f e r e n t j a l  mode c o r r e s p o n d s   t o  k% = 1.84, k 
and RD be ing   t he  wave  number and t h e   d u c t   r a d i u s ,   r e s p e c t i v e l y .  
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F i g u r e  6 . 3  Knowles   mic rophone  ca l ib ra t ion   fac i  1 i t y  
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(1) R e f l e c t i o n   C o e f f i c i e n t s  

F igu re  6.4 i l l u s t r a t e s   t h e   c o m p a r i s o n   b e t w e e n   t h e   r e f l e c t i o n  
c o e f f i c i e n t s   f o r  a 10 c m  d i amte r   duc t   t e rmina t ion ,   de r ived  by t h e  two 
methods, a t  M J  = 0 and a t  MJ = 0.2. For   the   no   f low  condi t ion ,   the  
r e f l e c t i o n   c o e f f i c i e n t s  are  a l s o  compared wi th   t hose   de r ived  by Levine 
and   Schwinger ’s   ana lys i s   ( re f .  7 )  ( s e e   f i g u r e   6 . 4 ( a ) ) .   F i g u r e  6.5 
i l l u s t r a t e s   t h e   c o m p a r i s o n  of r e f l e c t i o n   c o e f f i c i e n t s   f o r  a 6.2 c m  
d i a m e t e r   c o n i c a l   n o z z l e   t e r m i n a t i o n  a t  XJ = 0 and a t  MJ = 0.6. The 
a g r e e m e n t   b e t w e e n   t h e   r e f l e c t i o n   c o e f f i c i e n t   r e s u l t s   d e r i v e d  by 
d i f f e ren t   me thods   fo r   t he   duc t  as  w e l l  as f o r   t h e   n o z z l e  i s  e x c e l l e n t .  

(2)   Far -Fie ld  Sound Pressure   Levels  

Comparison  of f a r - f i e l d  sound   p re s su re   l eve l   spec t r a ,   no rma l i zed  
w i t h   r e s p e c t   t o   t h e   i n c i d e n t   s o u n d   p r e s s u r e   l e v e l s ,  a t  p o l a r   a n g l e s  of 
30 degrees ,   60  degrees ,   and  120  degrees  are p r e s e n t e d   i n   f i g u r e s  6.6  and 
6.7. F igu re  6.6 i l l u s t r a t e s   t h e   r e s u l t s   f o r   t h e   1 0  cm diameter s t r a i g h t  
duc t  a t  M J = 0 ( s e e   f i g u r e   6 . 6 ( a ) )   a n d  a t  MJ = 0.2 ( s e e   f i g u r e   6 . 6 ( b ) ) ,  
w h e r e a s ,   s i m i l a r   r e s u l t s   f o r   t h e  6.2 cm d i a m e t e r   c o n i c a l   n o z z l e   a t t a c h e d  
t o   t h e   1 0  c m  d iameter   f low  duc t  a t  M J  = 0 and a t  M = 0.6 a r e  shown i n  
f igure  6 .7(a)   and  6 .7(b) ,   respect ively.   The  agreement   between  the 
r e s u l t s   d e r i v e d  by t h e  two  methods i s  very  good. 

( 3 )  Power Imbalance   Resul t s  

P r e v i o u s   e x p e r i m e n t a l   s t u d i e s  a t  Lockheed-Georgia  (refs.  2 through 
6 )  have  produced many i n t e r e s t i n g   r e s u l t s .  One of t h e s e  i s  t h e  
t r a n s m i s s i o n  l o s s  i n   a c o u s t i c  power a t  low  f requencies  a t  a l l  f low 
c o n d i t i o n s   i n c l u d i n g   t h e  no f low  cond i t ion .   The re fo re ,   i n   t he   p rocess  
of va l ida t ing   t he   acous t i c   impu l se   t echn ique ,  i t  i s  wor thwhi le   to  
compare  the power imbalance  (power l o s s )  r e s u l t s   o b t a i n e d  by t h e  
acous t i c   impu l se  t es t s  wi th   those   der ived  by the  impedance  tube method 
to   conf i rm  the   ex is tence   o f   the   low-f requency  power lo s s .   F igu re  6.8 
i l l u s t r a t e s   t h e   c o m p a r i s o n  of t h e  power i m b a l a n c e   r e s u l t s   d e r i v e d   f o r  
t h e  10 cm d i a m e t e r   d u c t   a t  M J  = 0.0 and a t  M J  .- 0.2. The comparison 
b e t w e e n   t h e   r e s u l t s  shows very good agreement. 

6.7 COMPARISON OF EXPERIMENTAL RESULTS FOR ANNULAR DUCT 

The r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a   f o r  a 2.5 c m  t h i ck   po lyu re thane  
foam sample  and  for  a r i g i d   t e r m i n a t i o n   ( a   p o l i s h e d   s t e e l   p l a t e )   w e r e  
de r ived   u s ing   t he   r e f ined   impu l se   t echn ique   i n   t he   annu la r   duc t .  I n  
t h e s e   t e s t s ,  as d e s c r i b e d   i n   s e c t i o n  5 ,  the  induct   measurements  were 
taken a t  v a r i o u s   r a d i a l  and   az imutha l   pos i t ions   and   the  modal 
decomposition scheme  was  used t o   d e r i v e   t h e   r e f l e c t i o n   c o e f f i c i e n t s .   I n  
a d d i t i o n ,  a s t a n d a r d  B&K impedance  tube  (with  single  round  tube) was 
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F i g u r e  6 .4  R e f l e c t i o n   c o e f f i c i e n t   a m p l i t u d e   c o m p a r i s o n s   b e t w e e n  
the  impulse  method  and  o ther   methods for  a 10 cm 
d i a m e t e r   u n f l a n g e d   d u c t ,   ( a )  MJ = 0 and  (b )  MJ = 0 .2 .  
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ACOUSTIC  IMPULSE  IMPEDANCE  TUBE MACH NO. 
TEST  MEASUREMENTS 

0 0.0 

A 0.6  ” - 

NONDIMENSIONAL  FREQUENCY,  kRD 

F igure  6.5 Reflection  coefficient  amplitude  comparisons  between the 
impulse  method and  the impedance  tube  technique for a 
6.2 cm diameter  conical  nozzle at various  flow  Mach  numbers. 
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Figure  6.6 N o r m a l i z e d   f a r   f i e l d  sound pressure  level  spectrum  comparisons 
between  the  acoustic  impulse  technique and the impedance tube 
method f o r  a 10 cm d iameter   duct   a t   var ious   po lar   ang les ,  eT; 
( a )  MJ = 0.0; (b) MJ = 0 . 2 .  
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F i g u r e  6.7 N o r m a l i z e d   f a r   f i e l d  sound  pressure  level   spectrum  comparisons 
between  the  acoust ic   impulse  technique  and  the  impedance  tube 
method f o r  a 6.2 cm d i a m e t e r   c o n i c a l   n o z z l e   a t   v a r i o u s   p o l a r  
angles,  8 ~ ;  (a)  MJ = 0.0; (b)  MJ = 0.6. 

3 

202 



0 1 2 

NONDIMENSIONAL  FREQUENCY, kRD 

Figure  6.8 Far f i e l d  power  normal ized  wi th   respect  t o  t r a n s m i t t e d  power 
determined  by  acoust ic  impulse  technique  compared with 
s i m i . l a r   r e s u l t s   d e r i v e d   b y   t h e  impedance  tube  method for a 
10 cm d i a m e t e r   d u c t   a t   d i f f e r e n t  f low c o n d i t i o n s .  
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u s e d   t o   m e a s u r e   t h e   r e f l e c t i o n   c o e f f i c i e n t s   f o r   t h e   a b o v e - m e n t i o n e d  
samples .   The   resu l t s   thus   ob ta ined  are compared  with  those  derived 
u s i n g   t h e   i m p u l s e   t e c h n i q u e   i n   f i g u r e  6.9.  The  impulse  technique 
r e s u l t s  are de r ived  by accoun t ing   fo r   t he   con t r ibu t ions   o f   h ighe r   o rde r  
modes. I n   a d d i t i o n ,   t h e   a r e a - w e i g h t e d   r e f l e c t i o n   c o e f f i c i e n t s  are a l s o  
de r ived   u s ing  a l l  the  induct   measurements .  

Comparison of t h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a   p r e s e n t e d   i n  
f i g u r e   6 . 9 ( a )  shows a good  agreement  except a t  lower  f requencies   (below 
600 Hz)  where a sma l l  amount of d i s c r e p a n c y   ( a  maximum of 1.6 dB) i s  
observed. A poss ib l e   r ea son   fo r   t h i s   cou ld   be   t he   nonun i fo rm  annu lus  
h e i g h t   i n   t h e   a x i a l   d i r e c t i o n  due t o   t h e   f a b r i c a t i o n   i n a c c u r a c y   i n   t h e  
a n n u l a r   s e t u p .  The nonuniformity was caused  due t o   t h e   s a g g i n g  of t h e  
inne r   t ube   suppor t ed   a t  a few a x i a l   l o c a t i o n s .   T h e r e f o r e ,  a p o r t i o n  of 
t h e  r e f l e c t e d  wave n i g h t   h a v e   r e f l e c t e d  away f r o m   t h e   d i s t o r t e d  
(bu lg ing )   su r f ace   o f   t he   i nne r   t ube .   Th i s  phenomenon cou ld   ea s i ly   l ower  
t h e   r e f l e c t i o n   c o e f f i c i e n t   l e v e l .  The  area-weighted  levels  are h i g h e r  
compared t o   t h e  modal   values  a t  h i g h e r   f r e q u e n c i e s .   T h i s  i s  t o  be 
expected  s ince  the  area-weighted  values  were e s t ima ted  on t h e   b a s i s  of 
fundamental mode a s sumpt ion   whereas   t he   ac tua l   p re s su re   f i e ld   con ta ined  
o t h e r   h i g h e r   o r d e r  modes. 

Figure  6 .9(b)  shows the  comparison of r e f l e c t i o n   c o e f f i c i e n t  
s p e c t r a   f o r  a r ig id   t e rmina t ion .   Aga in   t he  small d e v i a t i o n  of t h e  
impulse  results  from  the  impedance  tube  measurements  (or  from  the  zero 
dB l e v e l )  is  a t t r i b u t e d   t o   t h e  same r e a s o n ,   n a m e l y   t h e   s l i g h t   v a r i a t i o n s  
i n   a n n u l u s   h e i g h t   w i t h   a x i a l   d i s t a n c e .   I n   t h i s  case, however,   the 
d e v i a t i o n  i s  r e l a t i v e l y  more s ince  the  measurement  becomes v e r y  
s e n s i t i v e  when t h e   r e f l e c t i o n   c o e f f i c i e n t s   a p p r o a c h   u n i t y   ( i . e .   z e r o  
dB). 

6.8 CONCLUSION 

The r e f i n e d   a c o u s t i c   i m p u l s e  method h a s   b e e n   s u c c e s s f u l l y   v a l i d a t e d  
by comparison  with d a t a  aobta ined   f rom  o ther   methods   for   s ing le   and   dua l  
stream duct   nozzle   systems,   with  and  without  mean flow. 
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7.0 ACOUSTIC ENERGY LOSS MECHANISM 

The   compar ison   be tween  the   fa r - f ie ld   power   and   the   t ransmi t ted  
power, f o r  a 10 c m  d i a m e t e r   s t r a i g h t   d u c t   a n d  a 6 . 2  cm d i a m e t e r   c o n i c a l  
nozz le ,  as determined by us ing   the   improved   acous t ic   impulse   t echnique  
a n d   p r e s e n t e d   i n   s e c t i o n   6 ,   h a s   i n d i c a t e d  a loss i n   a c o u s t i c  power,  even 
fo r   t he   no - f low  cond i t ion .   The re fo re ,   t he   acous t i c  power l o s s  
mechanisms were i n v e s t i g a t e d   f i r s t  by v i s u a l   m e a n s ,   a n d   t h e   r e s u l t s  are 
p r e s e n t e d   i n   s e c t i o n  7 . 1 .  Also,   the  amount of a c o u s t i c  power l o s s   h a s  
b e e n   q u a n t i t a t i v e l y   e v a l u a t e d   a n d   t h e s e   r e s u l t s  a re  p r e s e n t e d   i n   s e c t i o n  
7 . 2 .   I n   t h i s  case, us ing  a t h e o r e t i c a l  model   developed  recent ly  a t  
Lockheed  by Cummings and  Eversman ( r e f s .  33 and 3 4 ) ,  t h e   p r e d i c t e d  power 
loss is  compared  with  the  corresponding  measured  power  loss .  

In   t he   pas t   f ew   yea r s ,   t he re   has   been  a growth of i n t e r e s t   i n  
a c o u s t i c   e n e r g y   e f f e c t s   a s s o c i a t e d   w i t h   t h e   i n t e r a c t i o n   b e t w e e n   s o u n d  
f i e l d s  and f r e e   s h e a r   l a y e r s . .   I n   p a r t i c u l a r ,   t h e   n e t   a c o u s t i c   e n e r g y  
absorp t ion   which  is observed   to   occur  when a n   a c o u s t i c  wave i s  
t r ansmi t t ed   ou t   t h rough   an  a i r  j e t  i s su ing   f rom a p ipe   has   been   s tud ied  
by seve ra l   worke r s .   Beche r t ’ s   expe r imen ta l   and   t heo re t i ca l   r e su l t s  
( r e f .  3 5 )  and Howe’s t h e o r e t i c a l   a n a l y s e s   ( r e f s .  36 and 3 7 ) ,  f o r  
example ,   o f f e r   pe r suas ive   ev idence   t ha t   t he   abso rp t ion   mechan i sm i s  t h e  
conve r s ion  of a c o u s t i c   e n e r g y   i n t o   v o r t i c a l   e n e r g y  a t  a sharp   edge ,   and  
t h e   s u b s e q u e n t   d i s s i p a t i o n   o f   t h i s   i n t o   h e a t ,   w i t h o u t   f u r t h e r  
s u b s t a n t i a l   i n t e r a c t i o n   w i t h   t h e   a c o u s t i c   f i e l d .  

It  h a s   a l s o   b e e n   n o t e d   t h a t ,   i n   t h e   a b s e n c e  of mean f low,   energy 
can be d i s s i p a t e d  by t h e  same mechanism i f   t h e   a c o u s t i c   v e l o c i t y  i s  h i g h  
enough  to   cause   f low  separa t ion ,   and   recent  work a t  Lockheed-Georgia  has 
shown t h i s   e f f e c t  wel l  i n  a comprehens ive   s tudy   of   no ise   t ransmiss ion  
th rough   duc t   t e rmina t ions   ( r e f s .  2 , 4 , 5 , 6 , 3 3 , 3 4 ,  and 3 8 ) .  

I n   t h e   p r e s e n t   i n v e s t i g a t i o n   t h e   a n t i c i p a t e d   d i s s i p a t i v e  mechanism 
a s  the   cause  of ene rgy   l o s s  i s  s t u d i e d   s y s t e m a t i c a l l y  by v i s u a l  means as  
wel l  as by q u a n t i t a t i v e   e s t i m a t i o n  of energy loss. 

7. I FLOW VISTJALIZATION 

The  mechanism  of a c o u s t i c  power l o s s ,  as a n t i c i p a t e d ,  is  d u e   t o   t h e  
c o n v e r s i o n   o f   a c o u s t i c   e n e r g y   i n t o   v o r t i c a l   e n e r g y .   T h e r e € o r e ,   t h e  
f i r s t   s t e p   t o   c o n f i r m   t h i s   c o n c e p t  was to   conduc t  some f l o w   v i s u a l i -  
za t ion   expe r imen t s .   In   t hese   expe r imen t s ,   t he   ob jec t ive  was t o  
v i s u a l i z e   t h e   v o r t e x   f o r m a t i o n  as t h e   a c o u s t i c   p u l s e  w a s  t r a n s m i t t e d   o u t  
of   the   duc t   t e rmina t ion   wi th   and   wi thout  mean flow. Smoke was used as 
t h e  medium f o r   t h e   f l o w   v i s u a l i z a t i o n   t e c h n i q u e   i n   t h i s   s t u d y .  

Flow v i s u a l i z a t i o n   t e s t s   t o   s t u d y   t h e   i m p l i c a t i o n   o f   i n t e r n a l   n o i s e  
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on jets have  been  carr ied  out  by o t h e r   r e s e a r c h e r s   ( r e f s .  39 and 4 0 ) .  In 
r e f e r e n c e  39,  Heavens  s tudied  the  response of a subsonic  round j e t  t o  
i n t e r n a l   e x c i t a t i o n  by a n   a c o u s t i c  wave us ing   f l ow  v i sua l i za t ion   and  
noise  measurements.  The j e t  was s u b j e c t e d   t o   p u l s e   e x c i t a t i o n  and t o  
harmonic   exc i ta t ion .   In   bo th  cases l a r g e - s c a l e   v o r t e x   r i n g   s t r u c t u r e s  
were obse rved   i n   t he  jet  mixing   layer .   Wi th   pu lse   exc i ta t ion ,  
i n t e rac t ions   be tween   t he   vo r t ex   r i ngs  were observed. However,  he d i d  
no t   s tudy   any   s i t ua t ion   i n   t he   absence  of  flow. Some f l o w   v i s u a l i z a t i o n  
s t u d i e s   i n   t h e   a b s e n c e  of mean f low were c a r r i e d   o u t  by  Whiffen  and 
Ahuja  ( ref .  40)  using  harmonic  s ignal .  They  found a w e l l  def ined   vor tex  
generated a t  t h e   n o z z l e   e x i t   e v e n   i n   t h e   a b s e n c e  of mean f low by 
harmonic  sound  generated  upstream of the   nozz le  ex i t .  However, i n   t h e  
p r e s e n t  work, spa rk   d i scha rge   pu l se s  were u s e d   w i t h   v a r y i n g   i n t e n s i t i e s  
to   s tudy   the   above   ment ioned  phenomenon i n  a sys t ema t i c  manner. 

7.1.1 Test Set-up  and  Experimental  Procedure 

The   f low  v isua l iza t ion   technique   used   for   the   p resent   s tudy  
cons i s t ed  of a smoke gene ra t ing  mechanism synchron ized   w i th   t he   acous t i c  
pu l se   i n   such  a way t h a t  a photograph  of  the smoke medium o r i e n t e d  
acco rd ing   t o   t he   acous t i c   f i e ld   due   t o   t he   p ropaga t ion  of t h e   t r a n s i e n t  
pu l se ,   j u s t   ou t s ide   t he   duc t   nozz le   t e rmina t ion ,   can   be   t aken .  

I n   t h i s   t e c h n i q u e ,  a s t e e l   w i r e  was p l aced   d i ame t r i ca l ly  a t  t h e  
d u c t / n o z z l e   e x i t   p l a n e   ( s e e   f i g u r e s  7.1 and 7.2).  P rov i s ion  was made 
such   tha t  a stream of o i l  was f lowing   ove r   t h i s  wire from  one  end t o   t h e  
other.   The w i r e  w a s  e l e c t r i c a l l y   h e a t e d   j u s t   b e f o r e   t h e   e s c a p e  of t he  
acous t ic   pu lse   f rom  the   duc t .   Therefore ,  a t  t h e   i n s t a n t  when the   pu l se  
w a s  t r ansmi t t ed   ou t ,   t he   w i re  would gene ra t e  a smoke medium o u t s i d e   t h e  
t e rmina t ion  due t o   t h e   h e a t i n g  of t h e   o i l   f l o w i n g   o v e r  i t .  Using a 
s y n c h r o n i z e d   l i g h t   s o u r c e   f o r  a shor t   dura t ion   and  a camera  with  the 
shu t t e r   open ,  a photograph of t h e  smoke medium o u t s i d e   t h e   t e r m i n a t i o n ,  
o r i e n t e d   a c c o r d i n g   t o   t h e   a c o u s t i c   f i e l d ,  was taken.  This  photograph 
would i n d i c a t e   i f  a vo r t ex  was formed  due t o   t h e   t r a n s m i s s i o n  of the  
acous t i c   pu l se .  

The e x i s t i n g   f r e e - j e t   f a c i l i t y  w a s  u sed  f o r   t h e   t e s t s   w i t h  mean 
f l o w .   I n   t h i s   s i t u a t i o n   t h e   s o u n d   s o u r c e  was located  about  6 meters 
upstream of t h e   t e r m i n a t i o n .   S i n c e   t h e   f l o w   d u c t   i n   t h i s   f a c i l i t y  was 
h o r i z o n t a l ,   t h e  smoke gene ra t ed   i n   t he   absence  of mean flow  tended t o  
rise upwards  due t o  i t s  l o w e r   i n t e n s i t y  compared t o  a i r .  T h i s   e f f e c t  i s  
shown i n   f i g u r e  7 . 3  where   the   vor tex   r ing   looks   d i s tor ted   due   to   the  
buoyancy force  which arises due t o   t h e   d i f f e r e n c e   i n   d e n s i t i e s   b e t w e e n  
a i r  and smoke. The re fo re ,   ano the r   s e tup  w a s  b u i l t   s p e c i a l l y   f o r   t h e  
tes ts  a t  zero  f low.  In t h i s  case the  f low  duct  was kep t   ve r t i ca l .   The  
source was loca ted   about  2 meters upstream of the  terminat ion.   The 
opposi te   end of t he   duc t  w a s  t e rmina ted   i n to  a foam  pad a t  about 1 meter 
from  the  source.  

Two types  of impulsive  sources ,   one  being a spa rk   d i scha rge   sou rce  
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Figure 7.2 Photograph showing the smoke generating wire placed at 
the exit plane of a 10 cm diameter duct and the oil 
supply syringe attached to it. 
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Figure 7.3 Deformation  of vortex  ring, due to  the  lower buoyancy 
of  the  smoke,  for a 10 cm diameter  duct  horizontal to 
the ground, MJ = 0.0. 
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a n d   t h e   o t h e r   b e i n g  an a c o u s t i c   d r i v e r ,  were u s e d   f o r   t h i s   s t u d y .   T h e  
c i r c u i t   d i a g r a m   f o r   t h e   o p e r a t i o n   o f   s p a r k   d i s c h a r g e ,  smoke g e n e r a t i o n ,  
and camera o p e r a t i o n  is shown i n   f i g u r e  7.1. When Switch 1 (SW1) w a s  
c l o s e d   t h e   c h a r g i n g   c i r c u i t   f o r   t h e   c a p a c i t o r   a c r o s s   t h e   s p a r k   g a p  w a s  
complete. Once t h e   c h a r g i n g  was done,  Switch 1 (SW1) w a s  opened,  which 
i s o l a t e d   t h e   h i g h   v o l t a g e  power  supply  f rom  the  c i rcui t   and  completed , 

t h e  smoke g e n e r a t i o n   c i r c u i t .  When Switch 2 (SW2) was c l o s e d ,   t h e  
camera was opened  and  the  spark  discharge  took  place.   The  pulse ,  
gene ra t ed  by t h e   s p a r k   d i s c h a r g e ,  w a s  r eco rded   by   an   i nduc t   t r ansduce r ,  
l oca t ed   abou t  1 meter upstream of t h e   t e r m i n a t i o n .   T h i s   s i g n a l  was used 
t o   t r i g g e r   t h e   s t r o b o s c o p i c   l i g h t   w i t h   a p p r o p r i a t e  time de lay .  

The same c i r c u i t  w a s  employed when a n   a c o u s t i c   d r i v e r  was u s e d   t o  
g e n e r a t e   t h e   p u l s e .   I n   t h i s  case the  high-voltage  power  supply was n o t  
o p e r a t e d   a n d   t h e   s p a r k   g a p   i n   t h e   s o u r c e   s e c t i o n  was rep laced   by   an  
a c o u s t i c   d r i v e r .   T h e   d r i v e r  was f e d   w i t h  a r e p e t i t i v e   i n p u t   s i g n a l   t o  
g e n e r a t e  a p e r i o d i c   c h a i n  of pulses.   The  Switch 1 (SW1) w a s  opened, i n  
t h i s   c a s e ,   a f t e r   t h e   d r i v e r  was switched  on.   The  remaining  operat ions 
were i d e n t i c a l   t o   t h e  case when a spa rk   d i scha rge   sou rce  was used. 

F i g u r e  7.2 i s  a photograph  showing  the smoke gene ra t ing  wire p laced  
a t  t h e   e x i t   p l a n e   o f  a 10 c m  d i a m e t e r   s t r a i g h t   d u c t   a n d   a n   o i l   s u p p l y  
s y r i n g e   a t t a c h e d   t o  i t .  F igu re  7.4  shows t h e   o r i e n t a t i o n  of   the smoke 
g e n e r a t i n g   w i r e   f o r   v a r i o u s   t e r m i n a t i o n s .   F i g u r e  7.5 i s  a photograph  of 
t h e   c o m p l e t e   f l o w   v i s u a l i z a t i o n   i n s t r u m e n t a t i o n .  

T h e   t r a n s i e n t   p u l s e ,   g e n e r a t e d  by t h e   s p a r k   d i s c h a r g e ,  was a l s o  
measured by a p r e s s u r e   t r a n s d u c e r   i n s i d e   t h e   d u c t .   T h e   F o u r i e r  
t r ans fo rm of t h e   i n c i d e n t   p u l s e  was used   t o   compute   t he   pu l se   i n t ens i ty .  

7.1.2 Exper imen ta l   Resu l t s  

Tes ts  were conducted  using a s t r a i g h t   d u c t   w i t h  10 cm d iame te r ,  two 
con ica l   nozz le s   (one   w i th  6.2 cm e x i t  diameter an6 t h e   o t h e r   w i t h  2.5 cm 
e x i t   d i a m e t e r ) ,   a n d  a 12-lobe,   24- tube  suppressor   nozzle   with  an 
e q u i v a l e n t   e x i t  diameter of 6.2 c m .  These tes ts  were conducted   to  
i n v e s t i g a t e   t h e   e f f e c t s  of pu l se   i n t ens i ty ,   nozz le   geomet ry ,   and   f l ow 
v e l o c i t y  on the   vo r t ex   r i ng   fo rmed  a t  t h e   t e r m i n a t i o n   d u e   t o   t h e  
p r o p a g a t i o n   o f   a c o u s t i c   p u l s e .  

(1)  Flow V i s u a l i z a t i o n   R e s u l t s   i n   t h e  Absence  of Mean Flow 

Flow v i s u a l i z a t i o n  tes ts  i n   t h e   a b s e n c e  of  mean f low were c a r r i e d  
o u t   u s i n g   t h e  ve r t i ca l  se tup .  To d e m o n s t r a t e   t h e   e f f e c t   o f   p u l s e  
i n t e n s i t y  on t h e   v o r t e x   f o r m a t i o n ,  two t e r m i n a t i o n s ,  a 10 c m  d i ame te r  
s t r a i g h t   d u c t   a n d  a 2.5 cm d i a m e t e r   c o n i c a l   n o z z l e   a t t a c h e d   t o   t h e   1 0  cm 
d i ame te r   f l ow  duc t ,  were chosen .   Acous t i c   pu l se s   o f   d i f f e ren t  
i n t e n s i t i e s   g e n e r a t e d  by s p a r k   d i s c h a r g e  were used i n   t h i s   s t u d y .   F i g u r e  
7.6 shows t h e   e f f e c t   o f   p u l s e   i n t e n s i t y   o n   t h e   v o r t e x   f o r m a t i o n  a t  t h e  
ex i t  p l a n e   o f   t h e   s t r a i g h t   d u c t   a n d   t h e   c o n i c a l   n o z z l e .   T h e s e  
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(a )  2 . 5  CM DIAMETER  CONICAL  NOZZLE (c)  DAISY  LOBE  NOZZLE 

(b) 10 CM DIAMETER  STRAIGHT  DUCT (d) 6.2 CM D IAMETER CON I CAL  NOZZLE 

Figure 7.4 Orientation ,f ,make wire at the  exit plane o f  various nozzle terminations. 



F i g u r e  7.5 Photograph  showing  the  f low v i s u a l i z a t i o n   i n s t r u m e n t a t i o n .  
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of  (a) a 10 cm diameter  duct  and (b)  a 2.5 crn d iameter   conica l  
nozzle  photographed 20 ms a f t e r   t h e   p u l s e   p r o p a g a t e d   o u t   o f   t h e  
e x i t   p l a n e ,  MJ = 0.0. 
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photographs were taken  20 m s  a f t e r   t h e   p u l s e   p r o p a g a t e d   o u t   o f   t h e  
t e r m i n a t i o n  exit .  R e s u l t s   i n   t h e   a b s e n c e  of t h e   a c o u s t i c   p u l s e  are a l s o  
i n c l u d e d   i n   t h i s   f i g u r e   f o r   c o m p a r i s o n .  It c a n   b e   c l e a r l y   o b s e r v e d   t h a t  
t h e   p r e s e n c e   o f   a n   a c o u s t i c   p u l s e  is the   cause   o f   the   format ion   of   the  
vo r t ex   r i ng .   Wi th   i nc reas ing   i n t ens i ty ,   one   can  see a more  dominant 
v o r t e x ;   a l s o ,   t h e   v o r t e x  moves away from t h e   t e r m i n a t i o n   e x i t   p l a n e  as 
t h e   p u l s e   i n t e n s i t y   i n c r e a s e s .   T h e r e f o r e ,  i t  can  be  concluded  that  a 
h i g h e r   i n t e n s i t y   p u l s e   g e n e r a t e s  a s t r o n g e r   v o r t e x   r i n k   a n d   t h e  
propagat ion   speed  of t h a t   r i n g  i s  r e l a t i v e l y   h i g h e r   d u e   t o ,  i ts  h i g h e r  
p a r t i c l e   v e l o c i t y .  

The   i nduc t   pu l se  t i m e  h i s t o r i e s   ( t h e   i n c i d e n t   p u l s e   a n d   t h e  
co r re spond ing   r e f l ec t ed   pu l se   f rom  the   t e rmina t ion )   co r re spond ing   t o   t he  
v a r i o u s   p u l s e   i n t e n s i t i e s  are p l o t t e d   i n   f i g u r e  7.7. T h e   i n c i d e n t   p u l s e  
a t  a g i v e n   i n t e n s i t y   f o r   b o t h   t h e   c o n f i g u r a t i o n s   l o o k   i d e n t i c a l .  
However, t h e   r e f l e c t e d   p u l s e s  a re  q u i t e   d i f f e r e n t   d u e   t o   t h e   d i f f e r e n c e  
in   t e rmina t ion   geomet ry .  A t  t h i s   s t a g e   o n e   m i g h t   e x p e c t   t h a t ,   s i n c e   t h e  
i n c i d e n t   p u l s e s   f o r   b o t h   t h e   t e r m i n a t i o n s  are i d e n t i c a l  (a t  a f i x e d  
i n t e n s i t y ) ,   t h e   c o r r e s p o n d i n g   i n t e n s i t y   ( s h a p e  t s i z e )  of t h e   v o r t i c e s  
formed a t   t h e   t e r m i n a t i o n  would   be   ident ica l .   However ,   th i s  i s  n o t   t h e  
case .  The i n c i d e n t   p u l s e s  shown i n   f i g u r e  7.7 were measured i n   t h e   1 0  cm 
d i a m e t e r   f l o w   d u c t   f o r   b o t h   t h e   t e r m i n a t i o n s .   F o r   t h e   s t r a i g h t   d u c t ,  
t h e   i n c i d e n t   p u l s e  would   p ropagate   as  i t  was, w h e r e a s   f o r   t h e   c o n i c a l  
n o z z l e ,   t h e   i n t e n s i t y  of t he   p ropaga t ing   i nc iden t   pu l se   wou ld   i nc rease  
due t o   t h e   r e d u c t i o n   i n   c r o s s - s e c t i o n a l  area, and  would  be s u f f i c i e n t l y  
d i f f e r e n t  a t  t h e   e x i t  compared t o   t h a t   f o r   t h e   s t r a i g h t   d u c t  
t e rmina t ion .  The fo rma t ion  of t h e   v o r t e x  i s  b a s i c a l l y   c o n t r o l l e d  by 
t h i s   p u l s e  a t  i t s  f i n a l   s t a g e .   T h e r e f o r e ,   t h e   v o r t e x   f o r   t h e   n o z z l e  
would  be s t ronge r   compared   t o   t ha t  of t h e   s t r a i g h t   d u c t .   I n   f a c t ,   t h i s  
can be s e e n   i n   f i g u r e  7.6 w h e r e   t h e   v o r t e x   r i n g   f o r   t h e   n o z z l e  i s  
s t ronge r   and  moves f a s t e r  compared t o   t h e   c o r r e s p o n d i n g   v o r t e x   r i n g   f o r  
t he   duc t .  

The o p t i c a l   r e s u l t s   f o r   t h e  no f l o w   c o n d i t i o n   i n d i c a t e   . m u l t i p l e  
vo r t ex   fo rma t ion .  T h e   w e a k e r   v o r t i c e s   f o l l o w i n g   t h e   i n i t i a l   v o r t e x  
r i n g ,   i n   t h i s   c a s e ,  were due t o   t h e   r e f l e c t i o n s  of  the  main  pulse  from 
t h e   o p p o s i t e   t e r m i n a t i o n .  

F igu re  7.8 shows the   fo rma t ion  of v o r t e q   r i n g s   d u e   t o   a c o u s t i c  
p u l s e s   o f   v a r i o u s   i n t e n s i t y   f o r  two nozz le s  of same e x i t   o p e n  area, one 
be ing  a c o n i c a l   n o z z l e   a n d   t h e   o t h e r   b e i n g  a suppressor   nozz le .   The  
e f f e c t  of i n t e n s i t y  i s  q u i t e   s i m i l a r   t o   t h a t   o b s e r v e d   i n   f i g u r e  7.6. 
However ,   t he   vo r t ex   r i ng   fo r   t he   suppres so r   nozz le  i s  n o t  similar t o  
t h a t   f o r   t h e   c o n i c a l   n o z z l e ,   i n   s p i t e  o f   t h e   f a c t   t h a t   b o t h   t h e   n o z z l e s  
have   t he  same e x i t   o p e n  area. The v o r t e x   s t r u c t u r e s   f o r   t h e   s u p p r e s s o r  
nozz le ,  as o b s e r v e d   i n   f i g u r e  7.8, a re  d i c t a t e d  by t h e   d e t a i l e d   n o z z l e  
geometry. 

The e f f e c t  of the  nozzle   geometry  can  a lso  be  seen  f rom  the 
cor responding  time h i s t o r y   p l o t s   i n   f i g u r e  7.9, w h e r e   t h e   r e f l e c t e d  
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Figure 7 . 7  Induct   t ime  h istor ies   for   (a )  a 10 crn d i a m e t e r   s t r a i g h t  
duct and (b )  a 2 . 5  crn diameter   conical  nozzle  terminat ions 
a t   v a r i o u s   i n c i d e n t   p u l s e   i n t e n s i t i e s ,  MJ = 0.0. 
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F i g u r e  7 . 9  I n d u c t   t i m e   h i s t o r i e s  for (a )  6 .2 c m  d i a m e t e r   c o n i c a l  
n o z z l e   a n d  ( b )  t h e   d a i s y   l o b e   n o z z l e   w i t h   e q u i v a l e n t  
d i a m e t e r  o f  6.2 cm t e r m i n a t i o n s   a t   v a r i o u s   i n c i d e n t  
p u l s e   i n t e n s i t i e s ,  MJ = 0.0. 
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p u l s e s   f o r   t h e   d a i s y   l o b e   n o z z l e  are  q u i t e   d i f f e r e n t   f r o m   t h o s e   f o r   t h e  
c o n i c a l   n o z z l e .   T h e   d a i s y   l o b e   n o z z l e   r e f l e c t i o n s   i n d i c a t e   m o r e  
b l o c k a g e   c o m p a r e d   t o   t h e   c o n i c a l   n o z z l e .  

T h e   f a c t   t h a t   t h e   v o r t e x   s t r u c t u r e s   f o r   t h e   s u p p r e s s o r   n o z z l e  a re  
d i c t a t e d  by i t s  geomet ry  i s  f u r t h e r   d e m o n s t r a t e d   i n   f i g u r e  7.10, where  
t h e   v o r t e x   s t r u c t u r e   p h o t o g r a p h e d  a t  t h e   d i a m e t r i c a l   p l a n e   ( t h e  smoke 
wire  p a s s i n g   o v e r   t h e   c e n t e r   o f  two l o b e s )  i s  compared  with a similar 
p h o t o g r a p h  a t  o f f - d i a m e t r i c a l   p l a n e   ( t h e  smoke wire o f f - c e n t e r e d   a n d  
p a s s i n g   o v e r   t w o   t u b e s   a n d   p o r t i o n s  of t h e   l o b e s ) .   I n   t h i s   f i g u r e ,  
a g a i n   t h e   v o r t e x   s t r u c t u r e s  a re  q u i t e   d i f f e r e n t   i n   t h e  two   p l anes  of the 
n o z z l e .  

T h e   f l o w   f i e l d s ,   a t   t h e   e x i t   p l a n e s  of v a r i o u s   n o z z l e   t e r m i n a t i o n s ,  
c r e a t e d  by l o w - i n t e n s i t y   a c o u s t i c   p u l s e s   g e n e r a t e d   b y   a n   a c o u s t i c   d r i v e r  
a re  shown i n  f i g u r e  7.11. T h e   v o r t i c e s   f o r m e d   i n   t h i s  case a re  v e r y  
w e a k .   T h e   s t r e n g t h   o f   t h e s e   v o r t i c e s ,   h o w e v e r ,   i n c r e a s e s   w i t h  
d e c r e a s i n g   a r e a  of t h e   n o z z l e .  

F i g u r e  7 . 1 2  s h o w s   t h e   p r o p a g a t i o n  o f  t h e   v o r t e x   r i n g s   f o r  a f i x e d  
p u l s e   i n t e n s i t y .  I n  t h e   a h s e n c e  of f l o w ,   t h e   p r o p a g a t i o n   s p e e d   o f   t h e  
v o r t e x  i s  t h e  same a s  t h e   p a r t i c l e   v e l o c i t y .   T h e   f i g l l r e   s h o w s   t h a t ,  
d u r i n g  a g i v e n  time i n t e r v a l ,   t h e   v o r t e x   r i n g   s h e d   f r o m   t h e   c o n i c a l  
n o z z l e   p r o p a g a t e d  much f a s t e r  compared t o   t h a t   s h e d   f r o m   t h e   s t r a i g h t  
d u c t   t e r m i n a t i o n .   F i g u r e  7 . 1 3  s h o w s   t h e   p r o p a g a t i o n   o f   v o r t e x   r i n g s   f o r  
t h e  fi.? cm d i a m e t e r   c o n i c a l   n o z z l e   c o m p a r e d  t o  t h a t   f o r   t h e   s u p p r e s s o r  
n o z z l e .   E v e n   t h o u g h   t h e   v o r t e x   s t r u c t u r e s   a r e   d i f f e r e n t   f o r   t h e  two 
n o z z l e s ,   t h e   p r o p a g a t i o n   s p e e d  seems t o  be the  same a t  a g i v e n  
i n t e n s i t y .   T h e r e f o r e ,   t h e   s i z e   o f   t h e   e x i t   o p e n   a r e a  i s  t h e   c o n t r o l l i n g  
f a c t o r   f o r   t h e   v o r t e x   i n t e n s i t y   a n d   t r a v e l   s p e e d .  

( 2 )  Flow V i s u a l i z a t i o n   R e s u l t s   w i t h  Mean Flow 

O p t i c a l  r e s u l t s  w i t h  mean f l o w  were o b t a i n e d   o n l y   f o r   v e r y  low Mach 
n u m b e r s ,   s i n c e  i t  was d i f f i c u l t   t o   g e n e r a t e   u n i f o r m  smoke a t   h i g h   f l o w  
v e l o c i t i e s .   T e s t s  i n  t h e   p r e s e n c e   o f  mean f l o w  were c o n d u c t e d   u s i n g   t h e  
h o r i z o n t a l   s e t u p .  

F i g u r e  7 .14  d e m o n s t r a t e s   t h e   e f f e c t  of a n   a c o u s t i c   p u l s e  
p r o p a g a t i n g   o u t   t h r o u g h  a s t r a i g h t   d u c t  a t  v a r i o u s   f l o w  Mach numbers. 
T h e   c o r r e s p o n d i n g   o p t i c a l   r e s u l t s   i n   t h e   a h s e n c e   o f   t h e   p u l s e  are a l s o  
p r e s e n t e d   h e r e .   T h e   p r o p a g a t i o n  s p e e d  f o r   t h e   v o r t e x   r i n g ,   i n   t h i s  
case,  is t h e  sum o f   t h e   p a r t i c l e   v e l o c i t y   o f   t h e   p u l s e   a n d   t h e  mean f l o w  
v e l o c i t y .   T h e r e f o r e ,   t h e   v o r t e x   r i n g   f o r m e d   i n   t h e   p r e s e n c e   o f   f l o w  
h a s   p r o p a g a t e d   f u r t h e r   d o w n s t r e a m   c o m p a r e d   t o   t h a t   a t  n o   f l o w   c o n d i t i o n .  
F i g u r e  7.15 i s  i d e n t i c a l   t o   f i g u r e  7 .14 ,  e x c e p t   t h a t  the r e s u l t s   i n  t h i s  
c a s e  a r e  o b t a i n e d   f o r  a 6 . 2  cm d i a m e t e r   c o n i c a l   n o z z l e .  

T h e   e f f e c t s  of p u l s e   i n t e n s i t y  on t h e   f o r m a t i o n  of v o r t e x   r i n g s   i n  
t h e   p r e s e n c e   o f  mean f l o w   f o r  a s t r a i g h t   d u c t   a n d  a c o n i c a l   n o z z l e  are  
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( a )   V o r t e x   s t r u c t u r e   i n   t h e   p l a n e  o f  t h e   e x i t   d i a m e t e r ,  
c o v e r i n g  t w o  l obes .  

. 

(b)  V o r t e x   s t r u c t u r e   a t  an o f f   d i a m e t e r  p 
the  lobes  and  the  tubes.  

l a n e ,   c o v e r i n g  

F i g u r e  7 . l r )  V o r t e x   f o r m a t i o n   a t   V a r i o u s   p l a n e s   a t   t h e   e x i t  
o f  a s u p p r e s s o r   n o z z l e ;   t h e   p u l s e   i n t e n s i t y  was 
149 dB and  the  photographs  were  taken 20 ms a f t e r  
t h e   p u l s e   p r o p a g a t e d   o u t  of t h e   e x i t   p l a n e ,  MJ = 0.0. 
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I NTENS I TY, dBJ 
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F igu re  7.11 A c o u s t i c   f i e l d   a t   t h e   e x i t s  of var ious   nozz le   te rmina t ions ,   c rea ted  
by l ow- in tens i ty   acous t ic   pu lses   genera ted   f rom an a c o u s t i c   d r i v e r ,  
MJ = 0.0. 
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a g a t i o n  o f  v o r t e x   r i n g s   c r e a t c  3c by a p u l s e  w i t h  an 
i n t e n s i t y  o f  149 dB fo r   (a )  a s t r a i g h t  d u c t  and ( b )  
a c o n i c a l   n o z z l e ,  MJ = 0.0. 
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(b) WITH E- 

F i g u r e  7 . 1 4  E x c i t a t i o n   o f   t h e   j e t  by a 149 dB p u l s e   f o r  a 10 cm d i a m e t e r  
s t r a i g h t   d u c t   a t   v a r i o u s  Mach  numbers, MJ; photographed 6 ms 
a f t e r   t h e   p u l s e   p r o p a g a t e d   o u t  of t h e   d u c t   e x i t .  
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F igure  7.15 E x c i t a t i o n  o f  t h e   j e t  by a 149 dB p u l s e   f o r  a 6.2 cm d iameter   con ica l   nozz le  
a t   v a r i o u s  Mach numbers, M ; photographed 6 ms a f te r   t he   pu l se   p ropaga ted  
o u t   o f   t h e   n o z z l e   e x i t ;   ( a $   w i t h o u t   e x c i t a t i o n ,  (b) w i t h   e x c i t a t i o n .  



shown- i n   f i g u r e  7.16. A s  observed   prev ious ly   for  the no  f low  condition, 
t h e   s t r e n g t h  of t h e   v o r t e x   r i n g  i s  h i g h e r   f o r  a p u l s e   w i t h   h i g h e r  
i n t e n s i t y ,  and the   vor tex   r ing   has   p ropagated  more  downstream  compared 
t o  a low i n t e n s i t y   r i n g .  However, i n   t h e   p r e s e n c e  of f l o w ,   t h e   e f f e c t  
of p u l s e   i n t e n s i t y  is not  as dominant as t h a t   s e e n   i n   t h e   a b s e n c e  of 
f low.   The re fo re ,   t he   non l inea r   e f f ec t s  of t he   h igh - in t ens i ty   pu l se s  are 
considerably less i n   t h e   p r e s e n c e  of flow.  This i s  because   t he   pa r t i c l e  
v e l o c i t y  of t he   pu l se  i s  much smaller compared t o   t h e  mean flow 
ve loc i ty .   Therefore ,  i t  i s  expec ted   tha t  a t  h igher   f low  condi t ions ,   the  
n o n l i n e a r   e f f e c t s  of h i g h   i n t e n s i t y   s i g n a l s  would  be almost 
n e g l i g i b l e .   T h i s   e f f e c t  i s  not shown i n   t h i s   s e c t i o n   s i n c e  i t  was not 
poss ib le   to   genera te   un i form smoke a t  h ighe r   f l ow  ve loc i t i e s   u s ing   t he  
p re sen t  smoke technique. However, t h i s  i s  shown q u a n t i t a t i v e l y   i n   t h e  
next   sec t   ion .  

Figure 7.17 demonst ra tes   the   e f fec t   o f   nozz le  e x i t  area on t h e  
formation of v o r t e x   r i n g s   i n   t h e   p r e s e n c e  of f l o w .   I n   t h i s   f i g u r e ,  a t  a 
f ixed   f low  condi t ion  (Mach number M = 0.0317)  and with a f ixed   pu lse  
i n t e n s i t y   ( i . e . ,  143 dB),   the  formasion of t h e   v o r t e x   r i n g   f o r   t h e  10 cm 
d iame te r   s t r a igh t   duc t  is compared wi th   t ha t   fo r   t he  6.2 cm diameter 
conica l   nozz le .  As observed  previously  for   the no f low  condi t ion ,   the  
s t r e n g t h  of t he   vo r t ex   r i ng   fo r   t he   nozz le  seems t o  be   h ighe r   t han   t ha t  
f o r   t h e   s t r a i g h t   d u c t .  However, t h e   e f f e c t  i s  no t   a s  dominant. as t h a t  
f o r   t h e  no-flow condi t ion.  The reason  discussed  above  appl ies   here  as 
we1 1. 

Figure 7.18 i l l u s t r a t e s   t h e   f l o w   f i e l d   d u e   t o  a low- in t ens i ty   r epe t i t i ve  
pulse   genera ted  by a n   a c o u s t i c   d r i v e r   i n   t h e   p r e s e n c e   o f  mean flow. The 
ektect  seems to  D e  l n s l g n l r l c a n t   r o r  t n e  s c ra lgn t   duc t  whose open e x i t  
area is l a r g e r  compared t o   t h a t   f o r   t h e  6.2 cm diameter   conical   nozzle .  

Figure 7.19  shows t h e   p o s i t i o n  of the   vor tex   r ing   formed due t o  a 
143 dB pu l se  a t  va r ious   t ime   i n s t ances ,   fo r  a s t r a i g h t   d u c t  a t  MJ = 
0.0317. As expec ted ,   the   vor tex   r ing  moves downstream  with time. 

From a l l  t h e   r e s u l t s   p r e s e n t e d   i n   t h i s   s e c t i o n ,  i t  can  be  concluded 
tha t   t he   acous t i c   ene rgy   t r ansmi t t ed   ou t  of a t e rmina t ion   i n   t he   fo rm of 
a pu l se  i s  pa r t ly   conve r t ed   i n to   vo r t i ca l   ene rgy .   Th i s  phenomenon i s  
observed  with  and  without mean f low.   In   the  next   sect ion,  i t  is shown 
q u a n t i t a t i v e l y   t h a t  a power l o s s   o c c u r s   i n   t h e   t r a n s m i s s i o n  of t he   pu l se  
f rom  induc t   t o   f a r   f i e ld ,  and t h a t  t h e  amount of  power l o s s   ( o r  power 
imbalance) i s  h i g h e r   f o r  a pu l se   w i th   h ighe r   i n t ens i ty .  

7.2 OUANTITATIVE EVALUATION OF POWER LOSS 

The o p t i c a l   r e s u l t s   p r e s e n t e d   i n   s e c t i o n   7 . 1  show the  formation of 
vo r t ex   r i ngs  when a f in i t e   ampl i tude   pu l se   (o r   s igna l )   p ropaga te s   ou t  
through  the  terminat ion.  The i n t e n s i t y  of t he   vo r t ex   r i ng   i nc reases  as 
the   p ropagat ing   pu lse   in tens i ty   increases .   These   observa t ions   ind ica te  
t h a t  some p o r t i o n  of t he   acous t i c   ene rgy   con ta ined   i n   t he   pu l se  is 

226 



" . - 
(a)  I O  CM DUCT ~ T b E 6 . 2  C M  - d 6 N  I CAL NOZZLE 1 

F igu re  7.16 E f f e c t   o f   p u l s e   i n t e n s i t y  on   the   vor tex   fo rmat ion  
a t   t h e   e x i t   o f   ( a )  a 10 cm d i a m e t e r   d u c t   a t  MJ = .O448; 
photographed 6 ms a f te r   t he   pu l se   p ropaga ted   ou t   o f  
t h e   e x i t   p l a n e .  
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(a) 10 C M  STRAIGHT DUCT 

F i g u r e  7.17 P r o p a g a t i o n   o f   v o r t e x   r i n g   i n   t h e   j e t   f o r m e d  by 
a 149 dB pulse,   photographed 6 ms a f t e r  i t  
p r o p a g a t e d   o u t   o f   t h e   e x i t   p l a n e   o f  ( a )  a 10 cm 
d iameter   duct   and ( b )  a 6 .2  cm con ica l   nozz le ;  
MJ = 0.0317. 
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(a) 10 CM STRAIGHT  DUCT 

(b )  6 .2  CM CONICAL  NOZZLE 

F i g u r e  7.18 E x c i t a t i o n  o f  t h e   j e t ,  by low i n t e n s i t y ,  114 dB, 
r e p e t i t i v e   a c o u s t i c   p u l s e   g e n e r a t e d  by an  acous t ic  
d r i v e r ;  (a)  a 10 cm d iameter   duc t  and (b) a 6.2 cm 
con ica l   nozz le ;  MJ = 0.0317. 
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( c )  10 ms I ( d )  18 ms 
~ 

F i g u r e  7.19 P ropaga t ion  o f  v o r t e x   r i n g s   c r e a t e d  by a 149 dB p u l s e  
f o r  a 10 cm d i a m e t e r   s t r a i g h t   d u c t ,  MJ = 0.0317. 



c o n v e r t e d   i n t o   v o r t i c a l   e n e r g y  when t h e   p u l s e   p r o p a g a t e s   o u t   t o   t h e   f a r  
f i e l d .   I n   o t h e r   w o r d s ,   t h e   a c o u s t i c  power r e a c h i n g   t h e   f a r   f i e l d   h a s   t o  
be smaller t h a n   t h e   r a d i a t e d  power e s t ima ted  on t h e   b a s i s   o f   i n d u c t  
measurement  which  does  not  account  for  any  kind  of power l o s s  a t  t h e  
te rmina t ion .   This   behavior  was d i s t i n c t l y   o b s e r v e d   i n   p r e v i o u s  

o t h e r s   ( r e f s .  35 through 3 7 ) .  
. i n v e s t i g a t i o n s  a t  Lockheed-Georgia  (refs.   2,4,5,6  and 38) ,  and a l s o  by 

I n   t h e   p r e s e n t   s t u d y ,  a s y s t e m a t i c   i n v e s t i g a t i o n  w a s  c a r r i e d   o u t   t o  
e v a l u a t e   t h e   a c o u s t i c  power l o s s   q u a n t i t a t i v e l y   w i t h   v a r y i n g   i n t e n s i t y  
of   the  impulsive  sound  source,   us ing  var ious  terminat ions  with  and 
wi thou t  mean flow. The quan t i t a t ive   a s ses smen t   o f   t he   power   l o s s  was 
done  both  experimentally  and by us ing  a p r e d i c t i o n  scheme. 

The   expe r imen ta l   p rocedure   and   da t a   ana lys i s  scheme u s e d   f o r  the 
p r e s e n t   i n v e s t i g a t i o n  are i n d e n t i c a l   t o   t h o s e   u s e d   i n   P h a s e  I1 ( r e f .  2) 
of t h i s   c o n t r a c t .  A b r i e f   d e s c r i p t i o n  of the  experimental   procedure  and 
da ta  a n a l y s i s  scheme is  p r e s e n t e d   i n   s e c t i o n  2 of t h i s   r e p o r t .  The 
expe r imen ta l   con f igu ra t ion  i s  shown i n   f i g u r e  2.2. I n   b r i e f ,   t h e  
expe r imen ta l   p rocedure   cons i s t ed  of d i scha rg ing  a c a p a c i t o r   a c r o s s  a 
s p a r k   g a p   l o c a t e d   i n s i d e   t h e   f l o w   d u c t  a t  t he   sou rce   s ec t ion ,   and  
m e a s u r i n g   t h e   r e s u l t i n g   i n c i d e n t  and r e f l e c t e d   p r e s s u r e   p u l s e s  by a n  
induc t   p re s su re   t r ansduce r ,   and   t he   t r ansmi t t ed   pu l se  by s e v e r a l  
far-f ie ld   microphones.  The induct  measurement i s  used   to  estimate t h e  
t r a n s m i t t e d  power  (Wt)  and the   fa r - f ie ld   measurements  are used   t o  
e v a l u a t e   t h e   f a r - f i e l d  power  (Wf).  The d i f f e r e n c e   b e t w e e n   f a r   f i e l d  and 
t ransmi t ted   powers   g ives   the  amount of  power l o s s   o r  power  imbalance. 
The i n t e n s i t y   o f   t h e   i n c i d e n t   p u l s e   i n s i d e   t h e   d u c t  i s  c o n t r o l l e d  by the  
charging  vol tage  and  the  spark  gap.  

The a c o u s t i c  power l o s s  w a s  q u a n t i t a t i v e l y   e s t i m a t e d   u s i n g   t h e  
t h e o r e t i c a l  model  developed by Cummings and  Eversman ( r e f s .  31 and  32). 
I n   t h i s   m o d e l ,  a s i m p l e   r a d i a t i o n   c o n d i t i o n  i s  imposed a t  the   duc t   end  
t o   c a l c u l a t e   t h e   r e f l e c t i o n s  and   thus   the   t ransmi t ted  power. A Kirchoff  
type of model with  analogous monopole  and d i p o l e   r e p r e s e n t a t i o n s   o f   t h e  
duct end i s  u s e d   t o   c a l c u l a t e   t h e   r a d i a t e d   f i e l d .   N o n l i n e a r   i m p e d a n c e  
c o n d i t i o n s  are i n c o r p o r a t e d   i n   t h i s  model.  This  model is  based upon 
p l a n e  wave mode. The i n c i d e n t   p u l s e   i n t e n s i t i e s   d e r i v e d   f r o m   t h e  
experiments  are  u s e d   i n   t h e   a n a l y t i c a l  model t o  estimate t h e  power l o s s .  
T h i s  model i s  used   fo r   va r ious   t e rmina t ions   w i th   and   w i thou t  mean fl.ow. 
The c o n t r o l l i n g   p a r a m e t e r s   u s e d   h e r e   a r e   t h e   i n t e n s i t y   o f   t h e   p u l s e ,  the 
r a t i o  of the   t e rmina t ion   open  area t o   t h e   d u c t   c r o s s - s e c t i o n a l  area, and 
a d i s c h a r g e   c o e f f i c i e n t  (C,). The d i s c h a r g e   c o e f f i c i e n t   u s e d   f o r  a l l  
t h e   t e r m i n a t i o n s   e x c e p t   f o r   t h e   s t r a i g h t   d u c t  is  0.61, which is  a very 
r easonab le   va lue  as j u s t i f i e d  by Cummings and  Eversman ( r e f .  33) .  The 
d i s c h a r g e   c o e f f i c i e n t   f o r   t h e   s t r a i g h t - d u c t   i n   r e f e r e n c e  33 w a s  0.05 for 
t h e  no-f low  condi t ion  only on t h e   b a s i s  of a good  agreement  between 
experiment   and  predict ion.  However, f o r   t h e   d u c t   w i t h  mean f l o w ,   t h i s  
parameter  w a s  n o t   d e t e r m i n e d   i n   r e f e r e n c e  33.  T h e r e f o r e ,   i n  the p r e s e n t  
s t u d y   f o r   t h e   s t r a i g h t   d u c t   t e r m i n a t i o n   i n   t h e   p r e s e n c e  of mean f low,  
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t h e  power l o s s   e s t i m a t i o n s  are done  using two va lues   o f  CD, namely, 0.61 
and 0.05. 

7.2.1 E f f e c t  of Acous t i c   In t ens i ty   on  Power Loss 

?he   exper imenta l ly   eva lua ted  power loss r e s u l t s   i n   t h i s   s e c t i o n  are 
compared wi th   t he   co r re spond ing   p red ic t ed   va lues .   F igu re  7.20 shows t h e  
power  imbalance  (power  loss)   spectra   for  a 10. cm diameter s t r a i g h t   d u c t  
t e r m i n a t i o n  a t  v a r i o u s   p u l s e   i n t e n s i t i e s  a t  MJ = 0.0. The   exper imenta l  

.power loss r e s u l t s   a r e  compared wi th   t he   co r re spond ing   p red ic t ed   va lues  
f o r  two d i f f e r e n t   d i s c h a r g e   c o e f f i c i e n t s ,  0.05 and 0.61, i n   f i g u r e s  
7 .20(a)   and   7 .20(b) ,   respec t ive ly .   The   low-f requency   spec t ra l  
d i s t r i b u t i o n ,   e x p e r i m e n t a l l y   e v a l u a t e d ,   c l e a r l y   i n d i c a t e s   t h a t   t h e  
amount of power l o s s   i n c r e a s e s  as t h e   p u l s e   i n t e n s i t y   i n c r e a s e s .  The 
p r e d i c t e d   r e s u l t s  also show t h e  same t rend   th roughout   the   f requency  
range. The p r e d i c t e d  power l o s s   v a l u e s   a g r e e  wel l  with  the  measured 
v a l u e s   f o r  CD = 0.05. However, t h e   p r e d i c t e d  power l o s s   v a l u e s   f o r  CD = 
0.61 a re  small compared to   t he   co r re spond ing   measu red   va lues   and   t h i s  
disagreement  seems t o  be  more a t   l o w e r   f r e q u e n c i e s .   T h e r e f o r e  CD = 0.05 
is a n   a p p r o p r i a t e   v a l u e   t o   p r e d i c t   t h e  power l o s s   f o r  a s t r a i g h t   d u c t  i n  
the   absence  of flow. 

F igu re  7.21  shows t h e   e f f e c t  of p u l s e   i n t e n s i t y   o n   t h e  power 
imba lance   spec t r a   fo r   t he  d a i s y  lobe   nozz le  a t  MJ = 0.0. The   pred ic ted  
v a l u e s   e v a l u a t e d   u s i n g  CD 7 0.61  agree well with  the  measured  values .  
Both  experimental  and p r e d l c t e d   r e s u l t s  show more  low frequency power 
l o s s   w i t h   i n c r e a s i n g   i n t e n s i t y .  

F i g u r e s  7.22 and  7.23 show t h e   e f f e c t  of p u l s e   i n t e n s i t y  on t h e  
power  imbalance  spectra   for  a 10 cm d i a m e t e r   s t r a i g h t   d u c t  a t  MJ = 0.1 
and MJ = 0.2, r e spec t ive ly .   In   each   ca se ,   t he   p red ic t ed  power l o s s  
u s i n g   d i s c h a r g e   c o e f f i c i e n t   v a l u e s  of 0.05 and 0.61 are  p r e s e n t e d .   I n  
the   p re sence  of mean flow as s e e n   i n   f i g u r e  7 .22 ,  t he  power l o s s  a t  each 
i n t e n s i t y   r e m a i n s  more o r   l e s s   t h e  same.  However, a t  MJ = 0.2 ( s e e  
f igu re   7 .23 )   t he  amount of  power l o s s  seems t o  be less f o r   t h e   l o w e r  
i n t e n s i t y   p u l s e s .   T h i s   r e d u c t i o n  i s  n o t   e n t i r e l y   d u e   t o   t h e   e f f e c t  of 
i n t e n s i t y .  Most l i k e l y ,   a t  MJ = 0.2 f o r   t h e   s t r a i g h t   d u c t ,   t h e   s i g n a l  
( f a r   f i e l d )  was contaminated due t o   t h e  j e t  mix ing   no i se ,   wh ich   i n   t u rn  
introduced some e r r o r   i n   t h e   r e s u l t s   m a i n l y   f o r   t h e   l o w - i n t e n s i t y  cases 
w h e r e   t h e   s i g n a l   t o   n o i s e   r a t i o  was poor. 

The   pred ic ted  power l o s s   v a l u e s   f o r  CD = 0.61 a g r e e  wel l  w i t h   t h e  
e x p e r i m e n t a l   r e s u l t s   f o r   b o t h   t h e  Mach numbers.  They  both show t h a t ,   i n  
t he   p re sence  of f l o w ,   t h e   p u l s e   i n t e n s i t y  ( i .e .  n o n l i n e a r   b e h a v i o r )   h a s  
a n e g l i g i b l e   e f f e c t  on t h e  power l o s s  mechanism.  The p r e d i c t e d  power 
l o s s   l e v e l s   f o r   b o t h   t h e   f l o w   c o n d i t i o n s  are  h i g h e r  when CD = 0.05. 
The re fo re ,  CD = 0.61  seems t o   b e   a n   a p p r o p r i a t e   d i s c h a r g e   c o e f f i c i e n t   t o  
p r e d i c t   t h e  power l o s s   f o r  a s t r a i g h t   d u c t   i n   t h e   p r e s e n c e  of flow. 

S imi la r   compar isons   a re  made t o  show t h e   e f f e c t  of p u l s e   i n t e n s i t y  
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Figure 7.20 Ef fec t   o f   inc ident   pu lse   in tens i ty  on the power imbalance 
spectra  for a 10 cm d iameter   s t ra ight   duct   a t  MJ = 0.0 
derived  experimental ly  and by a pred ic t ion  scheme. 
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Figure 7.21 Effect of incident pulse intensity on the power imbalance 
spectra for the daisy lobe nozzle at MJ = 0.0, derived 
experimentally and by a prediction  scheme, C D  = 0.61. 
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Figure 7 - 2 2  Effect of incident  pulse  intensity on the  power  imbalance 
spectra for a 10 cm  diameter  straight  duct  at MJ = 0.1 
derived  experimentally  as  well  as by a prediction  scheme. 
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Figure 7.23 Effect of incident  pulse  intensity  on  the  power  imbalance 
spectra for a 10 cm  diameter  straight  duct  at MJ = 0 . 2  
derived  experimentally  as  well  as by a  prediction  scheme. 
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on   t he  power l o s s   f o r  a 6.2 c m  con ica l   nozz le  a t  MJ = 0.1 (see f i g u r e  
7.24(a))  and MJ = 0.4 (see f igure   7 .24(b) ) .  The conc lus ions   he re  are 
similar t o  thoBe f o r   t h e   s t r a i g h t   d u c t .   T h a t  is, i n   t h e   p r e s e n c e  of 
mean f l o w ,   t h e   n o n l i n e a r   e f f e c t s  become n e g l i g i b l e .  The p r e d i c t e d  
r e s u l t s   h e r e   a g r e e   v e r y  w e l l  w i t h   t h e   e x p e r i m e n t a l   r e s u l t s   f o r  MJ = 0.1. 
For  MJ = 0.4,  t h e   p r e d i c t i o n  shows h igher  power l o s s  compared t o   t h e  
experiment. 

7.2.2 E f f e c t  of Nozzle   Exi t  Area on Power Loss 

The  power l o s s   s p e c t r a   e v a l u a t e d  a t  a f ixed   pu l se   i n t ens i ty   o f   147  
dR f o r   c o n i c a l   n o z z l e s   w i t h  2.5cm and 6.2 cm diameters  are compared wi th  
t h o s e   f o r  a l O c m  d i ame te r   s t r a igh t   duc t  a t  MJ = 0.0 i n   f i g u r e  7.25. The 
n o z z l e   w i t h   l o w e r   e x i t   d i a m e t e r   ( a r e a )   e x h i b i t s  more  power l o s s  compared 
t o   t h e   n o z z l e   w i t h   h i g h e r  diameter. The p r e d i c t e d   r e s u l t s   a l s o   b e h a v e  
i n   t h e  same manner. T h i s   o b s e r v a t i o n   a l s o   a g r e e s   w i t h   t h e   o p t i c a l  
r e s u l t s .  

S i m i l a r   r e s u l t s   e v a l u a t e d   f o r  a 6.2 cm d iameter   conica l   nozz le  are 
compared w i t h   t h o s e   f o r  a 10 cm diameter s t r a i g h t   d u c t   f o r  a f i x e d   p u l s e  
i n t e n s i t y  of 143 dB a t  MJ = 0.032 ( see   f i gu re   7 .26 (a ) )   and  MJ = 0.1 ( s e e  
f igure  7 .26(b)) .   The power l o s s   s p e c t r a   f o r   b o t h   t h e   t e r m i n a t i o n s   a r e  
q u i t e   a l i k e   e x c e p t  a t  the   lower   f requencies   where   the   nozz le   exhib i t s  
more  power l o s s  compared t o   t h e   s t r a i g h t   d u c t .  The p r e d i c t e d   r e s u l t s  
a g r e e  w e l l  with  the  measurements.  

7.2.3 E f f e c t  of Nozzle  Geometry  on  Power Loss 

The  measured  and  predicted power l o s s   s p e c t r a   f o r  a c o n i c a l   n o z z l e  
are  compared w i t h   t h o s e   f o r  a d a i s y   l o b e   n o z z l e   f o r  two d i f f e r e n t   p u l s e  
i n t e n s i t i e s ,  a t  MJ = 0.0 i n   f i g u r e  7.27. The  open e x i t   a r e a   f o r   b o t h  
the   nozz le s  w a s  30.2 sq cm (i.e. a diameter of 6 .2  cm). However, 
the  geometry of t he   da i sy   l obe   nozz le  was q u i t e   d i f f e r e n t  from t h e  
con ica l   nozz le .  The p r e d i c t e d   r e s u l t s   f o r   b o t h   t h e   n o z z l e s  are 
i d e n t i c a l   s i n c e   t h e   a . n a l y t i c a 1  model d id   no t   i nc lude   t he   e f f ec t  of 
te rmina t ion   shape .  The expe r imen ta l   r e su l t s  show small d i f f e r e n c e s  
between  the two n o z z l e s  a t  low  f r equenc ie s .   Fo r   t he   pu l se   i n t ens i ty  of 
147 dB ( s e e   f i g u r e   7 . 2 7 ( a ) )   t h e   d a i s y   l o b e   n o z z l e  shows mere power l o s s  
compared t o   t h e   c o n i c a l   n o z z l e .  However, f o r   t h e   p u l s e   i n t e n s i t y  of 143 
dB (see f igu re   7 .27 (b ) )   t he re  is very l i t t l e  difference  observed  between 
t h e  two nozz les .   Therefore ,   the   nozz le   geometry  seems to   have   very  
l i t t l e  e f f e c t  on t h e  power l o s s   v a l u e s .  

7.2.4 Effec t   o f  Mean Flow  on  Power Loss 

The  induct  time h i s t o r i e s   f o r  a 10 c m  diameter  duct  and a 6.2 cm 
d i ame te r   con ica l   nozz le   w i th  a f ixed   pu l se   i n t ens i ty   o f   143  dB are 
p l o t t e d  i n  f i g u r e  7.28 a t  v a r i o u s  low f low Mach numbers. I n   t h i s   r a n g e  
of  Mach numbers ,   the   induct  time h i s t o r i e s   d o   n o t  show much change. 
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Figure  7.27 E f f e c t   o f   n o z z l e   g e o m e t r y   w i t h  same e x i t  open  area  on  the power 
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The  corresponding  measured power l o s s   s p e c t r a   f o r   t h e   d u c t  a t  
v a r i o u s  Mach numbers are p l o t t e d   i n   f i g u r e  7.29. T h e   e f f e c t  of Mach 
number  on t h e  power l o s s  seems t o   b e   v e r y  small. A t  lower   f requencies ,  
t h e  power l o s s   i n c r e a s e s   s l i g h t l y   w i t h  Mach number.  However, a t  h ighe r  
f r e q u e n c i e s   t h e r e  is  n o   a p p a r e n t   d i f f e r e n c e   i n   t h e  power l o s s   l e v e l s .  

The p r e d i c t e d   r e s u l t s  shown i n   f i g u r e  7.29 were eva lua ted   u s ing  CD = 
0.05 for   no   f low  condi t ion   and  CD = 0.61 f o r   f l o w  cases. The   pred ic ted  
v a l u e s  show t h e   i n c r e a s i n g  power l o s s   w i t h  Mach number  and t h i s   e f f e c t  
i s  more prominent a t  lower   f requencies .  

The  power l o s s   s p e c t r a   f o r   t h e  6.2 cm d iame te r   nozz le  a t  v a r i o u s  
Mach numbers are  p l o t t e d   i n   f i g u r e  7.30. The e f f e c t  of Mach number is 
more c l e a r c u t   i n   t h i s  case. The  low-frequency  power  loss  increases  with 
i n c r e a s i n g  Mach number.  The p r e d i c t e d   r e s u l t s   a l s o   f o l l o w   t h e  same 
t r end .  The agreement   between  experiment   and  predict ion is  very good 
e x c e p t   f o r   h i g h e r  Mach numbers   where  the  predict ion shows  more  power 
10s s. 

7.3 CONCLUSIONS 

T h e  impor t an t   obse rva t ions  are summaried i n   t h i s   s e c t i o n :  

( 1 )  The p resence  of a n   a c o u s t i c   p u l s e   ( s i g n a l )  i s  t h e   c a u s e  of t he  
fo rma t ion   o f   t he   vo r t ex   r i ng  a t  t h e   t e r m i n a t i o n  ex i t .  

( 2 )  A h i g h e r   i n t e n s i t y   p u l s e   ( o r   s i g n a l )   g e n e r a t e s  a s t r o n g e r  
vor tex   r ing   and   increases   the   p ropagat ion   speed   of   the   r ing .  

( 3 )  The v o r t e x   s t r u c t u r e  i s  dependent  on  the  termination  geometry.  

( 4 )  The  low-frequency  power  loss   increases   due  to   the 
i n c r e a s e   i n   t h e   p r o p a g a t i n g  p u l s e  i n t e n s i t y .  

(5 )  For a f i x e d   p u l s e   i n t e n s i t y ,   t h e  amount of  power a b s o r p t i o n   ( o r  
power l o s s )   a p p e a r s   t o  be c o n t r o l l e d   p r i m a r i l y  by the  open  area a t  t h e  
e x i t  and  not as much by the  shape of t he   t e rmina t ion .  

( 6 )  With mean f low  the  power abso rp t ion   i nc reases   w i th   i nc reas ing  
Mach number. 

( 7 )  N o n l i n e a r   e f f e c t s  of h i g h   i n t e n s i t y   p u l s e s  are  cons ide rab ly  
reduced   in   the   p resence  of mean flow. 

(8)  A d i s c h a r g e   c o e f f i c i e n t  of 0.05 seems t o   b e   a p p r o p r i a t e   f o r  
power loss p r e d i c t i o n   f o r  a s t r a i g h t   d u c t   t e r m i n a t i o n   i n   t h e  
absence of flow.  However, i n   t h e   p r e s e n c e  of f low a d i scha rge  
c o e f f i c i e n t  of 0.61 i s  s u i t a b l e   f o r  a l l  t h e   t e r m i n a t i o n s   i n c l u d i n g  a 
s t r a i g h t   d u c t   f o r  power l o s s   p r e d i c t i o n .  
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8.0 APPLICATION OF IMPROVED ACOUSTIC IMPULSE TECHNIQUE 

The   acous t ic   impulse  test technique  has  been  improved i n  many areas 
u n d e r   t h e   p r e s e n t   c o n t r a c t  as d e s c r i b e d   i n   s e c t i o n s  4 and 5. I n  
pa r t i cu la r ,   t he   " s igna l   syn thes i s "   and   " s igna l   ave rag ing"   p rocesses   have  
b e e n   s u c c e s s f u l l y   i n c o r p o r a t e d   i n , t h e   a c o u s t i c   i m p u l s e   t e c h n i q u e   t o  
g e n e r a t e  a d e s i r e d   i m p u l s i v e   s i g n a l   f r o m   a n   a c o u s t i c   d r i v e r   a n d   t o  
e l imina te   the   background.noise   ( f low  noise)   f rom  the   induct   and   the  
f a r - f i e l d   s i g n a l s .   T h e   c o n t r i b u t i o n  of h i g h e r   o r d e r  modes i n   t h e  
computa t ion   of   inc ident  and r e f l e c t e d  powers  can a l so   be   accoun ted   fo r  
us ing   the   modal   decomposi t ion   p rocess   descr ibed   in   sec t ion  5. 

A t  t h i s   s t a g e ,   t h e   r e f i n e d   a c o u s t i c   i m p u l s e   t e c h n i q u e   c a n   b e  
a p p l i e d   t o   s t u d y  more a c c u r a t e l y   t h e   a c o u s t i c   c h a r a c t e r i s t i c s  of v a r i o u s  
nozz le s .   The re fo re ,   expe r imen t s   u s ing   t h i s   t echn ique  were conducted   for  
a 6.2 c m  diameter conica l   nozz le   and  a da i sy   l obe   suppres so r   nozz le  
( w i t h   a n   e q u i v a l e n t   e x i t   d i a m e t e r  of 6.2 cm), a t  var ious   f low 
conditions.   Both of t hese   nozz le s  were t e s t e d  ear l ier  i n   t h e   P h a s e  I1 
of t h e   p r e s e n t   c o n t r a c t .  A f ew  typ ica l  r e s u l t s  obtained  then  have  been 
p r e s e n t e d   i n   t h i s   r e p o r t   i n   s e c t i o n  2. 

The acous t ic   measurements   for   de te rmining   the   t ransmiss ion  
c o e f f i c i e n t s  were c a r r i e d   o u t   i n   t h e   a n e c h o i c   f r e e - j e t   f a c i l i t y .   T h e  
expe r imen ta l   s e tup ,   t he   i nduc t   and   f a r - f i e ld   i n s t rumen ta t ion ,   t he  
exper imenta l   p rocedure   and   the   da ta   ana lys i s   schemes   have   been   descr ibed  
f u l l y   i n   s e c t i o n  3. For  completeness,  however, a b r i e f   d e s c r i p t i o n  of 
t h e   n o z z l e s ,   t h e  t e s t  p lan ,   the   ins t rumenta t ion ,   the   exper imenta l  
p rocedure   and   t he   da t a   ana lys i s  scheme i s  g i v e n   i n   s e c t i o n  8.1 here .  
F o l l o w i n g   t h i s ,   t h e   e x p e r i m e n t a l   r e s u l t s ,   s h o w i n g   t h e   e f f e c t  of nozz le  
geometry, j e t  Mach number and   f r ee  j e t  Mach number, are p r e s e n t e d   i n  
s e c t i o n  8.2. F i n a l l y ,  a summary and   genera l   conc lus ions  are p r e s e n t e d   i n  
s ec t ion   8 .3 .  

8.1 TEST CONFIGURATIONS AND EXPERIMEXCAL  PROCEDLJRP 

The   s ing le - s t r eam  f low  f ac i l i t y   has   been   desc r ibed   i n   s ec t ion  3 . 1  
( see   f i gu re   3 .1 ) .   The   sou rce   s ec t ions   w i th   s ing le   and   mu l t ip l e   acous t i c  
d r i v e r s   a r e  shown i n   f i g u r e s  3.2 and 3 . 3 ,  r e s p e c t i v e l y .  Tes ts  were 
c a r r i e d   o u t   u s i n g  a conical.   nozzle  with 6.2 cm e x i t   d i a m e t e r  and a 
mul t i lobe   mul t i tube   suppressor   nozz le ,   which  is  r e f e r r e d   t o   a s   t h e  
"daisy  lobe  nozzle ' '   for   convenience.  

8.1.1  Nozzle  Description 

(1)  Daisy Lobe Nozzle 

Two photographic  views of t h i s   n o z z l e   a r e  shown i n   f i g u r e s   8 . l ( a )  
and   8 . l (b) .  A c ros s - sec t iona l   v i ew  o f   t he   nozz le   w i th   impor t an t  
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F i g u r e  8.1 The 12-lobe, 2 4 - t u b e   s u p p r e s s o r  nozzle. 
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dimensions i s  shown i n   f i g u r e  8.2. The t o t a l   f l o w  area through  the 
12-lobes and 24 t u b e s  i s  30.21 cm and i s  e q u i v a l e n t   t o   t h a t  of a round 
nozz le   w i th  a d i a m e t e r   e q u a l   t o  6.21 cm (2.44  in).  Both the tubes  and 
t h e   l o b e s  are a t t a c h e d   t o  a conic   sect ion  which makes an   angle   o f   50  
deg rees   w i th   t he   nozz le   ax i s .  The 24 tubes  are equispaced  on a c i rc le  
of diameter  9.59 cm. The tube diameter is  0.409 cm and the   t ube  wall 
t h i c k n e s s  is 0.762 mm. - T h e   i n l e t s  of these   tubes  are w e l l  rounded  for  
smooth  f low  entry and t h e  exi ts  are chamfered to   minimize  f low 
s e p a r a t i o n  a t  t h e  l i p .  

The 1 2  d a i s y   l o b e s  are a l so   equispaced   and   each   lobe   cons is t s   o f  
two s t r a i g h t   a n d  two rounded walls ( see   f i g .   8 .2 ) .   The   l obe   ang le  is 15 
degrees   and  the  f low area of each  lobe i s  2.26 sq.  cm. This   p rovides  a 
r a t i o  of t o t a l  area of t h e   l o b e s   a n d   t h a t  of t h e   t u b e s   e q u a l   t o  9.6. 
T h r e e   s t i f f n e r   p i n s  of diameter  0.80 mm are inser ted   be tween  the  
a d j a c e n t  walls o f   e a c h   p a i r  of lobes.  

A plug is  mounted i n   t h e   c e n t e r  of the   nozz le .  It is o g i v a l   i n  ' 

shape,   has  a maximum diameter  of 1.58 c m ,  and   pro t rudes  beyond t h e   l o b e  
e x i t  by 4.95 c m .  It extends  upstream  into  the  10.16 c m  diameter  test 
duc t  by 7.08 cm and h a s   a n   e l l i p t i c a l   l e a d i n g   e d g e   ( m a j o r  axis = 6.34 
c m ,  minor   ax is  = 1.58 cm). The plug i s  ac tua l ly   de tachable   f rom  the  
main body of the   nozz le   such   tha t  tests can  be  carr ied  out   with a 
d i f f e r e n t   p l u g   o r  no p l u g   a t   a l l ,   i f   r e q u i r e d .  

To o b t a i n  a measure of the   d rag  on t h i s   n o z z l e ,   s e v e n   s t a t i c  
p re s su re   s ens ing   po r t s   have   been   p rov ided ,   fou r   i n   t he   en t r a inmen t  area 
between  the  lobes,  and th ree   on   t he   p lug   i t s e l f .   Exac t   l oca t ions  of 
t h e s e   p o r t s  are shown i n   f i g u r e  8.2. 

(2)  Reference  Conical  Nozzle 
t 

The r e fe rence   nozz le  i s  a round  conical   convergent   nozzle  of flow 
area e q u a l   t o   t h a t  of t he   da i sy   l obe   nozz le   w i th   an   ex i t   d i ame te r  = 6.21 
c m  (2 .44   in ) .   Per t inent   d imens ions  of t h i s   n o z z l e  are g i v e n   i n   f i g u r e  
8.3.  The nozz le  i s  des igned   such   tha t  when mounted on t h e  10.16 c m  
d i a m e t e r   s u p p l y   d u c t ,   t h e   d i s t a n c e s  of the  induct  sound  source  and  the 
induct   probe  f rom  the e x i t  plane  remains  the same as those   f rom  the   ex i t  
of t he   da i sy   l obe   nozz le .  

8.1.2 Tes t  P lan  

The  f low  conditions  for  which  the  above-mentioned  nozzles were 
t e s t e d  are g iven   i n   Tab le  8.1. Basically  the  above-mentioned two 
s ingle-s t ream  nozz les  were t e s t e d   f o r   t h e  no-flow case ,   t h ree   subson ic  
and  one  supersonic  Mach numbers,   and  three  tunnel Mach numbers. A l l  t h e  
tes ts  were conducted a t  ambient   temperature   condi t ion.  

Tab le  8.1 Test  Conditions  For  The  Daisy Lobe And The  Reference 
Conical  Nozzle 
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FULLY-EXPANDED  TUNNEL 
MACH NO. , MT 

0.0 0.0, 0.24 

0.4 0.0, 0.24 

0.6 0.0, 0.08,  0.16, 0.24 

0.8 0.0,  0.24 

1.2 0 .0,  0.24 
~ ~ "_ 

i _ ~  ." ~ .. ____ 
8.1.3 I n s t r u m e n t a t i o n  

T h e   g e n e r a l   o u t l i n e   f o r   t h e   i n s t r u m e n t a t i o n   h a s   b e e n   d e s c r i b e d  i n  
s e c t i o n  3. T h e   s p e c i f i c   i n s t r u m e n t s   u s e d   i n   t h i s   s t u d y  are d e s c r i b e d  
h e r e .  

A s p e c i a l   s i x - m i c r o p h o n e   p r o b e   w a s   € a b r i c a t e d   f o r   t h e   i n d u c t  
m e a s u r e m e n t s .   I n   t h i s   p r o b e  (see f i g u r e  8 . 4 ) ,  s i x  min ia tu re   Knowles  
microphones were used .   The   l eng th   o f   t he   p robe   wh ich   r ema ins   i n s ide   t he  
d u c t   c r o s s   s e c t i o n  was e x a c t l y   t h e  same as  t h e   d u c t   r a d i u s ,  5 cm. T h i s  
c o v e r e d   t h e   e n t i r e   r a d i u s   o f   t h e   d u c t   w i t h  s i x  r ad ia l   measu remen t  
l o c a t i o n s  1.0 c m  a p a r t .  The rest o f   t h e   d e t a i l s   a b o u t   t h i s   p r o b e  a r e  
i d e n t i c a l  t o  t h o s e   f o r   t h e   a n n u l a r   d u c t   p r o b e ,   w h i c h   h a s   b e e n   d e s c r i b e d  
i n   s e c t i o n  3.2. 

A l l  t h e   s u b s o n i c   f l o w  tests were c o n d u c t e d   u s i n g   t h e   s i n g l e  
a c o u s t i c   d r i v e r   s y s t e m  as t h e   s o u n d   s o u r c e ,   w h e r e a s   f o r   t h e   s u p e r s o n i c  
flow case (i.e. MJ = 1.2), t h e   f o u r   d r i v e r - s y s t e m  was u s e d   t o   i n c r e a s e  
t h e   s i g n a l   t o   n o i s e   r a t i o ,   s p e c i a l l y   i n   t h e   f a r   f i e l d .  

8.1.4 Exper imen ta l   P rocedure   and   Da ta   Ana lys i s  Scheme 

T h e   e x p e r i m e n t a l   p r o c e d u r e   c o n s i s t e d   o f   m e a s u r i n g   t h e   i n d u c t  
p r e s s u r e   f i e l d   u s i n g   t h e   s i x - m i c r o p h o n e   p r o b e ,   a n d   t h e   f a r - f i e l d  
p r e s s u r e s  a t  v a r i o u s   p o l a r   a n g l e s .  

The da ta  a n a l y s i s  scheme i s  o u t l i n e d   i n   f i g u r e  8.5.  The   i nduc t  
p r e s s u r e   f i e l d  as measured a t  s i x   r a d i a l   l o c a t i o n s  was u s e d   t o   d e r i v e  
t h e   i n c i d e n t ,   t h e   r e f l e c t e d  , and   t he   t r ansmi t t ed   powers  , - and   t he  
r e f l e c t i o n   c o e f f i c i e n t s   a c c o u n t i n g   f o r   t h e   h i g h e r   r a d i a l  mode 
c o n t r i b u t i o n s .   T h e   d e t a i l s  of t h i s   p r o c e d u r e   h a v e   b e e n   d e s c r i b e d   i n  
s e c t i o n  5. Us ing   t he   computed   i nduc t   powers   and   t he   f a r - f i e ld   p re s su re  
m e a s u r e m e n t s ,   t h e   n o r m a l i z e d   t r a n s m i s s i o n   c o e f f i c i e n t s   ( c o n v e n i e n t l y  
c a l l e d   t h e   n o z z l e   t r a n s f e r   f u n c t i o n ,  NTF), t h e  power t r a n s f e r   f u n c t i o n s  
and   t he  re la ted pa rame te r s  were e v a l a a t e d   ( t h e   d e t a i l s  are d e s c r i b e d   i n  
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s e c t i o n  3) .  Fina l ly ,   var ious   parameters  were p l o t t e d   t o  show the 
ef fec ts   o f   ' nozz le   geometry ,  jet  Mach number,  and f r e e - j e t  Mach number. 

8.2 EXPERIMENIAL RFISULTS 

The c h a r a c t e r i s t i c s  of i n t e rna l   no i se   r ad ia t ion   f rom  the   12 - lobe ,  
24-tube suppressor   nozz le   ( i . e . ,   the   da isy   lobe   nozz le)   and- - the '  
re fe rence   conica l   .nozz le ,   bo th   wi th   the  same exi t  open area (equ iva len t  
diameter of 6.2 cm), t e s t e d   s t a t i c a l l y   a n d   u n d e r   f l i g h t   s i m u l a t i o n ,  are 
presented  here .  The e f f e c t s  of j e t  Mach number on  the  in-duct  and 
f a r - f i e l d  time h i s t o r i e s ,   r e f l e c t i o n   c o e f f i c i e n t s ,   n o z z l e   t r a n s f e r  
func t ions  and power t r a n s f e r   f u n c t i o n s  are f i r s t   d e s c r i b e d   i n   s e c t i o n ,  
8.2.1. Fo l lowing   t h i s ,   t he   r e su l t s   showing   t he   e f f ec t s  of f l i g h t  
s imula t ion  on t h e  same transmission  parameters  are t h e n   d e s c r i b e d   i n  
s e c t i o n  8.2.2.. 

8.2.1 E f f e c t s  of Je t  Mach  Number 

( 1 )  In-Duct T i m e  H i s t o r i e s  

The induct  time h i s t o r i e s  measured a t  s i x   r a d i a l   l o c a t i o n s   f o r   t h e  
da isy   lobe   nozz le   and   the   conica l   nozz le ,   wi thout   any  j e t  flow, are 
showri i n   f i g u r e  8.6. It has  already  been  observed from t h e   r e s u l t s  
p r e s e n t e d   i n   s e c t i o n  5 t h a t   v e r y   l i t t l e   r a d i a l   v a r i a t i o n   e x i s t s   f o r   t h e  
i n c i d e n t   p r e s s u r e   p u l s e ,   e s p e c i a l l y   f o r   t h e  no-flow condi t ion.  However, 
a hasty  look a t  f i g u r e  8 .6  i nd ica t e s   t ha t   t he   i nc iden t   pu l se   measu red  a t  
the   cen ter   o f   the   duc t  is q u i t e   d i f f e r e n t  from  the rest  of t h e   r a d i a l  
measurements.  But, i n   r e a l i t y ,   t h a t  is not   the case. The apparent 
d i f f e rence   i n   pu l se   shapes  i s  due t o   t h e   d i f f e r e n c e   i n   t h e   f r e q u e n c y  
response of the  microphones of the  six-point  probe.  Although  every 
e f f o r t  w a s  made t o   r e t a i n   t h e  same frequency  response  for  each of t he  
s i x  microphones  used  in  the  probe,  the  one a t  the  center   did  not  come 
ou t   t ha t  way due to   t he   va r i a t ion   i n   t ube   l eng th   connec t ing   t he '  
microphone  to   the  f low  f ie ld .  However,' t h i s   d i f f e r e n c e   i n   f r e q u e n c y  
response i s  immaterial i n   d e r i v i n g   t h e   f i n a l   r e s u l t s ,  as long as i t  is 
proper ly   accounted   for   in   the   da ta   reduct ion .  

Figure 8.6 c l e a r l y   i n d i c a t e s   t h e   d i f f e r e n c e   i n   t h e   r e f l e c t e d  wave 
between the two nozzles,   even  though  the ex i t  open area f o r  the two a r e  
t h e  same. The r e f l e c t e d   p u l s e   f o r   t h e   d a i s y   l o b e   n o z z l e   h a s  two 
d i s t i n c t   p o r t i o n s ,   o n e  due t o   t h e   s o l i d   p a r t   r e f l e c t i o n ,   i n   p h a s e   w i t h  
the   i nc iden t   pu l se ,   and   t he   o the r  due t o   t h e  exit  opening,  out-of-phase 
wi th   t he   i nc iden t   pu l se .  In c o n t r a s t ,   t h e   r e f l e c t e d   p u l s e   f o r  the 
re ference   conica l   nozz le  i s  dominated by the  open  end  ref lect ion,  
out-of-phase t o   t h e   i n c i d e n t   p u l s e .  

Figures  8.7 through 8.10 are the   induct  time h i s t o r i e s   f o r   t h e  
daisy  lobe  nozzle   and  the  reference  conical   nozzle  a t  j e t  Mach numbers 
of 0.4, 0.6, 0.8 and  1.2, r e spec t ive ly .   In   each   o f   t hese   f i gu res ,  s ix  
radial   measurements  are shown. For   the  daisy  lobe  nozzle ,   the   open  end 
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Figure 8.6 Induct time  histories for (a) the daisy lobe nozzle and (b) the reference 
conical nozzle,  showing the radial variation at MJ = 0 and MT = 0.00. 
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F i g u r e  8.7 I n d u c t   t i m e   h i s t o r i e s   f o r   ( a )   t h e   d a i s y   l o b e   n o z z l e  and (b) t h e   r e f e r e n c e  
c o n i c a l   n o z z l e ,   s h o w i n g   t h e   r a d i a l   v a r i a t i o n   a t  MJ = 0.4 and MT = 0.00. 
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Figure 8.9 induct time histories for (a) the daisy lobe nozzle and (b) the reference 
conical nozzle, showing the radial variation at MJ = 0.8 and MT = 0.00. 
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r e f l ec t ion   g radua l ly   d imin i shes   w i th   i nc reas ing  j e t  flow.  For MJ = 0.8 
and MJ = 1.2, very small p o r t i o n  of t h i s  out-of-phase  ref lect ion is  
l e f t .  The in-phase   re f lec t ion   gradual ly   ge ts   wider   wi th   increas ing  
f low,   ind ica t ing  less high-frequency  content  in i t .  For   the  conical  
nozzle ,  however, the  ref lected  pulse   (out-of-phase)   gradual ly   gets  
smaller with  increasing  f low and becomes a lmos t   i n s ign i f i can t  a t  Mr 0.8 
and MJ = 1.2, indicat ing  complete   t ransmission of t he   i nc iden t   pu l se .  
Therefore,   from  these  observations,  i t  can  be  expected  that   with 
increas ing   f low  the   da isy   lobe   nozz le  will have   h igher   re f lec t ion  
c o e f f i c i e n t  compared to   t he   r e f e rence   con ica l   nozz le .   La te r   i n   t h i s  
s e c t i o n ,  i t  will be shown t h a t   t h i s  is indeed  the case. 

(2 )   Re f l ec t ion   Coef f i c i en t s  

The r e f l ec t ion   coe f f i c i en t s   fo r   t he   da i sy   l obe   nozz le   (UDL)   and   t he  
re ference   conica l   nozz le   (ac) ,  showing t h e   e f f e c t s  of j e t  Mach number, 
a r e   p r e s e n t e d   i n   f i g u r e  8.11. As  expected  from  the  reflected time 
h i s t o r i e s ,   t h e   r e f l e c t i o n   c o e f f i c i e n t s   d e c r e a s e   w i t h   i n c r e a s i n g  j e t  Mach 
number in  the  frequency  range  of 1 KHz t o  3 KHz. A t  h igher   f requencies  
the   t rend  seems t o  be reversed,  al though  the  high-frequency  behavior is  
not   cons is ten t .   Moreover ,   the   re f lec t ion   coef f ic ien t   spec t rum  for  MJ = 
1.2 does  not   behave  in   the manner as   tha t   observed   for   o ther  Mach 
numbers, spec ia l ly   fo r   t he   r e f e rence   con ica l   nozz le .  

To show t h e   e f f e c t  of nozz le   geometry ,   the   re f lec t ion   cosf f ic ien t  
spec t ra   for   the   da isy   lobe   nozz le   a re  compared wi th   those   for   the  
r e fe rence   con ica l   nozz le   a t   va r ious   j e t  Mach numbers i n   f i g u r e  8.12. A t  
lower j e t  Mach numbers ( i . e .   f o r  MJ = 0, .4 and . 6 ) ,  t he   d i f f e rence  
between  these  spectra i s  r e l a t ive ly   sma l l .  However, a t  h igher  Mach 
numbers ( i .e .  a t  MJ = 0.8 and  1 .2) ,   the   conical   nozzle   ref lect ion 
c o e f f i c i e n t s  are considerably  lower  than  those for the   daisy  lobe 
nozzle ,   special ly   in   the  lower  f requency  range  (below 5 KHz). 

The s p e c t r a l   b e h a v i o r   f o r   t h e   d a i s y   l o b e   n o z z l e   r e f l e c t i o n  
c o e f f i c i e n t ,  as observed in   t he   p re sen t   s tudy ,  i s  s i m i l a r   t o   t h a t   f o r  
. t he   r e f e rence   con ica l   nozz le ,  which i s  in   con t r a s t   w i th   t he   obse rva t ions  
made from the   r e su l t s   de r ived   i n   Phase  I1 of t h i s   c o n t r a c t .   T h i s  i s  
f u r t h e r   a d d r e s s e d   i n   t h e   l a s t   s e c t i o n  of t h i s   r e p o r t ,  where a l l  t h e  
relevent   conclusions are presented. 

( 3 )  Far-Field T i m e  H i s t o r i e s  

Typ ica l   f a r - f i e ld  time h i s to r i e s   fo r   t he   da i sy   l obe   nozz le   and   t he  
re ference   conica l   nozz le   a re  shown i n   f i g u r e s  8.13 and  8.14, 
respec t ive ly .  Data f o r  MJ = 0.0, 0.6 and 1.2 are shown a t  8 = 30°, 60;  
90Oand 120°.  The time h i s t o r i e s  shown here  have  f ixed t i m e  scale but  
a rb i t ra ry   ampl i tude   sca le .  The main purpose of t hese   f i gu res ,  however, 

angle  and j e t  Mach number. 
. is t o  examine the  narrowing  or  widening of t h e   p u l s e s   a s  a f u n c t i o n  of 
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Figure 8.12 Effect of nozzle  geometry  on  reflection  coefficient 
spectra for various  jet  Mach  numbers, MT = 0.00. 
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There are on ly   minor   d i f f e rences   i n   t he   f a r - f i e ld   s igna l s   fo r   t he  
two nozzles .   For   zero  f low,   both  nozzles   display  narrower  pulses  a t  
small ang le s  compared t o   t h e   l a r g e   a n g l e s ,   t h u s   i n d i c a t i n g  more 
high-frequency  radiat ion a t  small angles.  As t h e  j e t  Mach number is 
i n c r e a s e d ,   t h e   e f f e c t   o f   r e f r a c t i o n  becomes i m p o r t a n t   i n   t h a t   t h e   p u l s e  
a t  small angles   ( i . e . ,  e =30°) becomes wide r ,   i nd ica t ing   dep le t ion  of 
high-frequency  sound  which  apparent ly   has   been  refracted  to   larger  
angles   ( i . e . ,  8 = 60"). T h i s   e f f e c t  becomes s t r o n g e r  as t h e  je t  Mach 
number i s  increased  from MJ = 0.6 t o  1.2. 

( 4 )  Nozzle  Transfer  Function (NTF) (Normalized  Transmission 
C o e f f i c i e n t )  

Typ ica l   nozz le   t r ans fe r   func t ion  (NTF) s p e c t r a   f o r   t h e   d a i s y   l o b e  
nozzle  and the   r e f e rence   con ica l   nozz le  a t  8 = 30°, 60°, 90" and 120Ofor 
MJ = 0.0,  0.4,  0.6 and 0.8 are p r e s e n t e d   i n   f i g u r e s  8.15 and 8 .16 ,  
respec t ive ly .   These   f igures  show t h a t  a t  ze ro   f l ow  cond i t ion   t he  
r a d i a t i o n  is predominantly  towards  the j e t  axis s i n c e   t h e   s p e c t r a l  
con ten t  of NTF va lues  a t  smaller po la r   ang le s  are h ighe r  compared t o  
those a t  h igher   po lar   angles .  The NTF s p e c t r a l   d i s t r i b u t i o n s   i n   t h e  
presence of f low  ind ica t e   i nc reas ing   convec t ion   e f f ec t   w i th   t he  
i n c r e a s i n g  jet  v e l o c i t y .  

To examine   the   e f fec t  of r e f r a c t i o n  due t o   t h e   i n c r e a s e  of j e t  Mach 
number, t h e   n o z z l e   t r a n s f e r   f u n c t i o n s   f o r   t h e   d a i s y   l o b e   n o z z l e   a n d   t h e  
re ference   conica l   nozz les  are p l o t t e d   f o r   d i f f e r e n t  je t  Mach numbers 
w i t h   f i x e d   p o l a r   a n g l e s  8 ,  i n   f i g u r e s  8.17  and  8.18, r e s p e c t i v e l y .  The 
inc rease  of r e f r a c t i o n   e f f e c t  a t  high  f requencies  i s  n o t i c e a b l e   i n   t h e s e  
f i g u r e s  as t h e  j e t  Mach number i s  increased .   This  i s  seen as a high 
frequency  decrease  in  NTF l e v e l  a t  8 = 30" and a cor responding   increase  
a t  8 = 60'. 

These   r e f r ac t ion   e f f ec t s   can  he seen more c l e a r l y  by examining  the 
r a d i a t i o n   d i r e c t i v i t i e s  a t  var ious  f requencies   and j e t  Mach numbers as 
shown i n   f i g u r e s  8.19  and  8.20 for   the   da isy   lobe   nozz le   and   the  
r e fe rence   con ica l   nozz le ,   r e spec t ive ly .  Here, t h e   d i r e c t i v i t i e s   f o r  M J =  
0.0, 0.4,  0.6 and  0.8 a re   p lo t t ed   fo r   t h ree   f r equenc ie s ,   name ly ,  1 KHz, 
2 KHz and 4 KHz. These   r e su l t s  show t h a t   a s   t h e  j e t  Mach number i s  
i n c r e a s e d ,   t h e   r e f r a c t i o n   e f f e c t  becomes more important .   This  is 
ind ica t ed  by t h e   f a c t   t h a t   t h e  NTF va lues  a t  small a n g l e s   t o   t h e  j e t  
ax i s   dec rease   w i th   i nc reas ing  Mach number,  and t h e   e f f e c t  is g r e a t e r  a t  
high  f requencies .  A s h i f t   i n   t h e  peak i n   d i r e c t i v i t y   w i t h   i n c r e a s i n g  
Mach number i s  a l s o   q u i t e   e v i d e n t .  

A comparison of t h e   n o z z l e   t r a n s f e r   f u n c t i o n   f o r   t h e  two nozzles a t  
8 = 30°, 60°,  90' and 120' i s  made f o r  MJ = 0.0,  0.6 and 1.2 i n   f i g u r e s  
8.21  through  8.23,  respectively.  For a l l  t h e  j e t  Mach numbers, t he  
nozz le   t r ans fe r   func t ions   i n   t he   l ower   f r equency   r ange  up to   abou t  4 KHz 
have  the same v a l u e s   f o r   t h e  two nozzles.  A t  h igher   f requencies ,   smal l  
d i f f e r e n c e s   a r e   o b s e r v e d   i n   t h e  NTF values  between  the two nozzles .  
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Figure 8.19 Effect  of  jet  Mach  number  on  the  nozzle  transfer  function 
directivities for  the  daisy lobe nozzle at various 
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F i g u r e  8.21 E f f e c t  of n o z z l e   g e o m e t r y   o n   n o z z l e   t r a n s f e r   f u n c t i o n  
s p e c t r a   a t   v a r i o u s   p o l a r   a n g l e s ,  0 ;  MJ = 0 . 0 ;  MT = 0 . 0 0 .  
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Figure  8 . 2 3  E f f e c t  of nozzle  geometry on n o z z l e   t r a n s f e r   f u n c t i o n  

spect ra   a t   var ious   po lar   ang les ,  8 ;  MJ = 1.2;  M,. = 0.0. 
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However, the o v e r a l l   s h a p e   o f  the NTF. s p e c t r a  remains the same f o r   t h e  
two n o z z l e s   f o r  a l l  f l o w   c o n d i t i o n s   a n d  a t  e a c h   p o l a r   a n g l e .  

S i m i l a r   c o n c l u s i o n s   c a n   a l s o   b e   d r a w n   f r o m   t h e   d i r e c t i v i t y   p l o t s  
shown i n   f i g u r e s  8 .24  through  8 .26,   where  the NTF d i r e c t i v i t i e s   f o r  the 
two n o z z l e s  are compared a t  f r e q u e n c i e s  of 1 KHz, 2 KHz and 4 KHz a t  
f l o w  Mach numbers  of 0.0, 0.6  and  1.2. This  b e h a v i o r   i n d i c a t e s  t ha t  i t  
is t h e  ex i t  open area, a n d   n o t   t h e   t e r m i n a t i o n   g e o m e t r y ,   t h a t  
p r e d o m i n a n t l y   c o n t r o l s   t h e   a c o u s t i c   r a d i a t i o n .  

A m o r e   a c c u r a t e  way t o   d e t e r m i n e   w h i c h  of t h e  two n o z z l e s   r a d i a t e s  
i n t e r n a l   n o i s e  more e f f i c i e n t l y  i s  t o  c o m p a r e   t h e   f a r - f i e l d   a c o u s t i c  
power r a d i a t e d   b y   e a c h   n o z z l e   f o r   t h e  same incident   power.   Such a 
comparison i s  d i s c u s s e d   i n   t h e   n e x t   p a r a g r a p h .  

( 5 )  Far -Fie ld   Power   Normal ized   wi th   Respec t   to   Inc ident   Power   (PTFi)  

F i g u r e  8.27 s h o w s   t h e   e f f e c t   o f  j e t  Mach number on t h e   f a r - f i e l d  
p o w e r   n o r m a l i z e d   w i t h   r e s p e c t   t o   i n c i d e n t   p o w e r   ( P T F i )   f o r   t h e   d a i s y   l o b e  
n o z z l e   a n d   t h e   r e f e r e n c e   c o n i c a l   n o z z l e .   F o r   b o t h   t h e   n o z z l e s ,  a s m a l l  
i n c r e a s e   i n   f a r - f i e l d  power i s  o b s e r v e d   d u e   t o   t h e   i n c r e a s i n g  j e t  Mach 
number i n   t h e   s u b s o n i c   r a n g e .   H o w e v e r ,   f o r  MJ = 1 . 2 ,   t h e   i n c r e a s e   i n  
PTFi i s   cons ide rab ly   h ighe r   ove r   t he   who le   f r equency   r ange ,   compared   t o  
t h e  no-f low  condi t ion.  

F i g u r e  8.28 shows a comparison of t h e   f a r - f i e l d   a c o u s t i c  power 
s p e c t r a   n o r m a l i z e d   w i t h   r e s p e c t   t o   t h e   i n c i d e n t  power s p e c t r a   f o r   t h e  
d a i s y   l o b e   n o z z l e   a n d   t h e   r e f e r e n c e   c o n i c a l   n o z z l e   f o r  MJ = 0.0, 0.4,  
0.6, 0.8 and 1.2. F o r   a l m o s t   a l l   f l o w   c o n d i t i o n s ,   t h e   r e s u l t s  show 
l i t t l e  d i f f e r e n c e   i n   t h e   r a d i a t e d   a c o u s t i c   p o w e r   l e v e l s   f o r   t h e  two 
n o z z l e s .   J u s t   l i k e   t h e  ITTF s p e c t r a  and t h e   d i r e c t i v i t i e s ,   t h e   s h a p e s  of 
t h e s e  PTFi s p e c t r a   a r e   a l s o   a l m o s t   i d e n t i c a l   f o r   t h e  two n o z z l e s ,   t h u s  
f u r t h e r   c o n f i r m i n g   t h a t   e q u i v a l e n t   d i a m e t e r  i s  a good   pa rame te r   t o  
i n c o r p o r a t e   i n   f r e q u e n c y   s c a l i n g   t o   c o m p a r e   a c o u s t i c   r e s u l t s   f r o m  
n o z z l e s  of d i f f e r e n t   s h a p e s .  

( 6 )  Fa r -F ie ld  Power  Normalized  With Respect t o   T r a n s m i t t e d  Power  (PTFt) 
- Power  Imbalance 

F i g u r e  8.29 s h o w s   t h e   e f f e c t   o f  j e t  Mach number  on t h e   f a r - f   i e l d  
power   no rma l i zed   w i th   r e spec t   t o   t r ansmi t t ed   power  ( P T F t ) ,  which i s  
no th ing   bu t   t he   power   imba lance ,   fo r   t he   da i sy   l obe   nozz le   and   t he  
r e f e r e n c e   c o n i c a l   n o z z l e .   T h e s e   r e s u l t s   a r e   q u i t e   i n t e r e s t i n g   i n   t h e  
low  f requency  range.   Instead  of   obtaining  power  balance,  a d e c r e a s e   i n  
a c o u s t i c  power i s  n o t i c e d   a t  low f r e q u e n c i e s   f o r   a l l  j e t  Yach  numbers 
i n c l u d i n g  MJ = 0. O f  c o u r s e   t h e   l e v e l s   a t  low f r e q u e n c i e s   c a n   b e  
expec ted   t o   be   h ighe r   (by   abou t  2 .5  d B ) ,   s i n c e   t h e   f a r - f i e l d  power  has 
b e e n   c a l c u l a t e d  f o r  t h e   a n g u l a r   r a n g e   o f  0" t o  125" wi th   the   downst ream 
j e t  a x i s .   T h i s   d o e s   n o t ,   h o w e v e r ,   a c c o u n t   f o r   t h e  8 t o  10 dB l o s s  f o r  MJ 
= 0.0. W i t h   t h e   i n i t i a t i o n  of j e t  f low,   the  low-frequency  power l o s s  is  
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F i g u r e   8 . 2 4   E f f e c t   o f   n o z z l e   g e o m e t r y   o n   t h e   n o z z l e   t r a n s f e r   f u n c t i o n  
d i r e c t i v i t i e s   a t   v a r i o u s   f r e q u e n c i e s ;  MJ = 0 . 0 ,  MT = 0 . 0 0 ;  
(a) 1 KHz,  ( b )  2 KHz,  ( c )  4 KHz.  
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F i g u r e  8.25 E f f e c t   o f   n o z z l e  geometry  on t h e   n o z z l e   t r a n s f e r   f u n c t i o n  
d i r e c t i v i t i e s   a t   v a r i o u s   f r e q u e n c i e s ;  MJ = 0.6, MT = 0.00; 
(a)  1 KHz, (b) 2 KHz, (c)  4 KHz. 
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F igure  8.26 E f f e c t   o f   n o z z l e  geometry  on  the  nozzle  transfer  function 
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F i g u r e  8 . 2 8  E f f e c t  o f  n o z z l e   g e o m e t r y   o n   f a r - f i e l d   a c o u s t i c   p o w e r  
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increased  considerably,   and i t  i s  r e l a t i v e l y   h i g h e r   f o r   t h e   d a i s y   l o b e  
nozzle.  However,  the  amount of power l o s s  seems t o  be   t he  same f o r  a l l  
t he   subson ic  j e t  Mach numbers fo r   bo th   t he   nozz le s .   Fo r   t he   supe r son ic  
case ( i . e .  MJ = 1.21, t h e  amount  of  power l o s s   d e c r e a s e s   c o n s i d e r a b l y .  

E x c e p t   f o r  MJ = 1.2,   the  FTFt levels remain below 0 dB up t o   a b o u t  
5 KHz. Beyond th i s   f r equency ,   however ,   t he  PTFt levels become p o s i t i v e  
a t  many f r equenc ie s .   The   t r ansmi t t ed  power c a l c u l a t i o n  i s  done  on t h e  
b a s i s  of  modal decomposi t ion ,   which   accounts   for   the  power c o n t r i b u t i o n s  
d u e   t o   h i g h e r   o r d e r  modes. Therefore ,  i t  is e x p e c t e d   t o   h a v e   e i t h e r  a 
power b a l a n c e   o r  a power loss, b u t   n o t   a n   e x c e s s   f a r - f i e l d  power as seen 
here   for   h igher   f requencies .   This   d i screpancy   could   have   happended  due  
t o   t h e   f o l l o w i n g  two reasons :  

(a>   In   the   modal   decomposi t ion   for   the   s ing le-s t ream  duc t ,  i t  is  
assumed t h a t   t h e   i n d u c t   p r e s s u r e   f i e l d  is  axisymmetr ic ,   and   thereby ,   the  
c i r c u m f e r e n c i a l  modes a r e  assumed t o  be a b s e n t .   I n   p r a c t i c e   t h i s  
assumption may n o t   b e   v a l i d ,   s i n c e   t h e  modal s t r u c t u r e  i s  h ighly  
dependent on t h e   o r i e n t a t i o n   o f   t h e   s o u r c e   i n   t h e   f l o w   f i e l d .   F o r   t h e  
p re sen t   s tudy ,   even   t hough   t he   ou tpu t  of t h e   a c o u s t i c   d r i v e r  was 
i n j e c t e d  a t  t h e   c e n t e r l i n e  of t he   duc t ,   t he   phys i ca l   pos i t i on ing   cou ld  
have   been   s l igh t ly   o f f -center .   Therefore ,   the   computed   t ransmi t ted  
power  might  have  been  affected  due  to  this  assumption. 

( b )   I n   t h e   p r e s e n t   i n v e s t i g a t i o n ,   t h e   f r e q u e n c y   r e s p o n s e   o f   t h e  
induct  microphones i s  s l i g h t l y   d i f f e r e n t  from t h a t  of t h e   f a r - f i e l d  
microphones. When t h e   s i g n a l   s y n t h e s i s  was a p p l i e d ,   t h e   o u t p u t  of t h e  
dr iver   measured by the   i nduc t   mic rophones   cons i s t ed   o f   s ing le   pu l se s .  
Yowever, t h e   t r a n s m i t t e d   p u l s e s ,  as measured by t h e   f a r - f i e l d  
microphones, were made up  of mul t ip le   peaks .   Therefore ,  some degree of 
i naccuracy   migh t   have   been   i n t roduced   i n   t he   ed i t i ng   p rocess   app l i ed   t o  
t h e   f a r - f i e l d   p u l s e s .  

Fo r   supe r son ic   f l ow  ( i . e .  MJ.= 1.2), t h e   s p e c t r a l   l e v e l   d o e s   n o t  
f o l l o w   t h e   t r e n d   f o r   o t h e r   s u b s o n i c   f l o w   c o n d i t i o n s .  A t  p r e s e n t ,   t h e  
r e a s o n   f o r   t h i s   b e h a v i o r  i s  not  known. However, f o r   t h e   s u p e r s o n i c   f l o w  
case, t h e   i n a c c u r a c y   a s s o c i a t e d   w i t h   t h e   d e r i v a t i o n  of t he   PTFt re su l t s  
may be more compared t o   t h a t   f o r   t h e   s u b s o n i c   c o n d i t i o n s .   F o r   t h e  
supersonic   f low case, in s t ead   o f  a s i n g l e   d r i v e r   i n   t h e   c e n t e r ,   f o u r  
d r i v e r s  were used   i n   t he   pe r iphe ry   a s   t he   i n t e rna l   sound   sou rce .   Hence ,  
the   assumpt ion  of ax isymmetr ic   induct   p ressure   f ie ld   might   have  
i n t r o d u c e d   m o r e   e r r o r   i n   t h i s  case compared t o   t h e   s i n g l e   d r i v e r  case. 
I n   a d d i t i o n ,  ,he   s igna l - to-noise   ra t io  i l l  t h i s  case was q u i t e  low. 
T h e r e f o r e ,   i n   t h e   e s t i m a t i o n  of f a r - f i e l d  power, s i g n i f i c a n t  amount  of 
inaccuracy  could  have  been  introduced.  

The  low-frequency  power loss i n   t h e   p r e s e n c e  of j e t  f low  has   been 
w e l l  e s t a b l i s h e d  by many r e s e a r c h e r s   ( r e f s .  3 5 , 3 6 , 3 7 ,  and  41)  and  the 
gene ra l   conc lus ion  i s  tha t   t he   acous t i c   ene rgy   wh ich   e scapes   f rom  the  
nozz le  i s  p a r t i a l l y   c o n v e r t e d   i n t o   v o r t i c a l   e n e r g y ,   t h e r e b y   c a u s i n g  a 
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power  imbalance,   s ince  the  converted  vort ical   energy i s  not   accounted  
f o r   i n   t h e   f a r - f i e l d  power e s t i m a t i o n .  

The  low-frequency power l o s s   i n   t h e   a b s e n c e   o f  mean flow  observed 
i n   t h e   p r e s e n t   s t u d y  i s  considerably  lower  compared t o  what i s  r e p o r t e d  
i n   r e f e r e n c e  2, d e r i v e d   u s i n g   h i g h - i n t e n s i t y   s p a r k   d i s c h a r g e   p u l s e s  
dur ing   Phase  I1 s tudy  of t h i s   c o n t r a c t .  The h igher   losses   measured  a t  
t h a t  time were due t o   t h e   s e v e r e   n o n l i n e a r   p r o p a g a t i o n   e f f e c t s  of  high 
i n t e n s i t y   p u l s e s   ( r e f .  6 ) .  However, i n   t h e   p r e s e n t   s t u d y ,   v e r y  low 
i n t e n s i t y   p u l s e s  were used ,   ye t   t hese   pu l se s  were of f i n i t e   a m p l i t u d e .  
Therefore ,  a small amount  of n o n l i n e a r   e f f e c t  must  be p r e s e n t   e v e n   i n  
the   p ropaga t ion  of t h e s e  low i n t e n s i t y   p u l s e s .   T h i s  may be   t he   r eason  
for   the   low-f requency  power lo s s   ( abou t  6 dB) obse rved   w i th   t he   da i sy  
l o b e   n o z z l e   a n d   t h e   r e f e r e n c e   c o n i c a l   n o z z l e   a t  MJ = 0.0. 

The   power   imbalance   resu l t s   for   the   da isy   lobe   nozz le  are  compared 
w i t h   t h e   c o r r e s p o n d i n g   r e s u l t s   f o r   t h e   r e f e r e n c e   c o n i c a l   n o z z l e  a t  
v a r i o u s  j e t  Mach numbers i n   f i g u r e  8.30.  The  power imbalance spectra 
show t h e  same shape  between  the two nozz le s ,   and   a lmos t   t he  same l eve l  
in   the  mid-frequency  range  ( i .e . ,   between 1.5 KHz and 5 KHz). However, 
t h e   d a i s y   l o b e   n o z z l e  shows  more low-frequency  power l o s s  and t h i s  
d i f f e r e n c e  i s  h i g h e r   i n   t h e   p r e s e n c e  of f low.   Again,   th is   could be  due 
t o   t h e   n o n l i n e a r   e f f e c t s   w h i c h  may b e   r e l a t i v e l y  more s e v e r e   f o r   t h e  
da i sy   l obe   nozz le   due   t o  i t s  compl ica ted   shape ,   espec ia l ly   the   nar row 
tubes   and   lobes   th rough  which   the   induct   p ressure   pu lses   p ropagate   ou t .  

8.2.2 F l i g h t  Effects 

R e s u l t s  similar t o   t h o s e   p r e s e n t e d   i n   s e c t i o n  8.2.1 f o r   t h e  s t a t i c  
c o n d i t i o n s  a re  p r e s e n t e d   i n   t h i s   s e c t i o n   f o r   b o t h   t h e   n o z z l e s   o p e r a t e d  
u n d e r   f l i g h t   s i m u l a t i o n .  A l l  d a t a   p r e s e n t e d   h e r e  are  c o r r e c t e d   t o   i d e a l  
wind tunne l   cond i t ions   u s ing  a f r e e - j e t   s h e a r   l a y e r   p r o p a g a t i o n   p r o g r a m  
developed a t  Lockheed ( r e f .  4 2 ) .  It should  he  noted  that   whenever  
r e f e r e n c e  is made t o   a n   a n g l e ,  i t  is the   emiss ion   angle   and   no t   the  
measured  polar   angle .  All t h e   d a t a   p r e s e n t e d   i n   t h i s   s e c t i o n  are f o r  a 
f i x e d  j e t  Mach number, MJ = 0.6. 

(1) Time H i s t o r i e s  

T ime  h i s t o r i e s ,   b o t h   i n - d u c t   a n d   f a r   f i e l d ,   m e a s u r e d   u n d e r   f l i g h t  
s i m u l a t i o n  had s h a p e s   v e r y   s i m i l a r   t o   t h o s e   m e a s u r e d   s t a t i c a l l y .   F i g u r e  
8.31  shows t h e   i n d u c t  time h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e   a n d   t h e  
r e f e r e n c e   c o n i c a l   n o z z l e   a t  M = 0.6 w i t h   d i f f e r e n t   f r e e  j e t  Mach 
numbers, MT. There i s  h a r d l y   a n y   q u a l i t a t i v e   d i f f e r e n c e ,   d u e  to change 
i n  MT va lues ,   obse rved   i n   f i gu re   8 .31 .  

J 

( 2 )  R e f l e c t i o n   C o e f f i c i e n t s  

T h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a   f o r   t h e   d a i s y   l o b e   n o z z l e  and 
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FREQUENCY, KHz 

F i g u r e  8.30 E f f e c t  o f  n o z z l e   g e o m e t r y   o n   f a r - f i e l d   a c o u s t i c  power 
n o r m a l   i z e d   w i t h   r e s p e c t   t o   t r a n s r l i   t t e d  power (PTFt)  f o r  
v a r i o u s   j e t  Mach numbers; MT = 0.00. 
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D A I S Y   L O B E   N O Z Z L E   R E F E R E N C E   C O N I C A L   N O Z Z L E  

T IME 

F i g u r e  8 .31  I n d u c t   t i m e   h i s t o r i e s   f o r   ( a )   t h e   d a i s y   l o b e   n o z z l e  and 
( b )   t h e   r e f e r e n c e   c o n i c a l   n o z z l e   a t   v a r i o u s   f r e e   j e t  Mach 
numbers;  measured a t  r/RD = 0.4; MJ = 0.6 



t h e   r e f e r e n c e   c o n i c a l   n o z z l e  a t  M = 0.6 w i t h   v a r i o u s   f r e e  j e t  Mach 
numbers (i.e. MT = 0.00, 0.08,  0.i6 and 0.24) are p l o t t e d   i n   f i g u r e  
8.32. There i s  very l i t t l e  e f f e c t  of f r e e - j e t  Mach number  on t h e  
r e f l e c t i o n   c o e f f i c i e n t s   f o r   t h e   n o z z l e s .   T o   d e t e r m i n e   t h e   e f f e c t   o f  
nozzle  geometry on t h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a   i n   t h e   p r e s e n c e  of 
f r e e - j e t   f l o w ,   t h e   r e s u l t s   f o r   b o t h   t h e   n o z z l e s  a t  M = 0.6 are p l o t t e d  
f o r   d i f f e r e n t   v a l u e s  of MT i n   f i g u r e  8.33. I n   t h e   p f a n e  wave range  of 
f r equency ,   t he   da i sy   l obe   nozz le  seems t o   h a v e  a l o w e r   r e f l e c t i o n  
c o e f f i c i e n t  a t  very  low frequencies   (below 1 KHz), and   then   the   t rend  is 
reversed between 1 KHz and 2.5 KHz, a f t e r  which  the  t rend is  a g a i n  
reversed .   This   behavior  i s  o b s e r v e d   f o r   a l l   f r e e - j e t   f l o w   c o n d i t i o n s  
inc luding  MT = 0. 

( 3 )  Nozzle   Transfer   Funct ion  (NTF) 

The n o z z l e   t r a n s f e r   f u n c t i o n   s p e c t r a  a t  f r e e  j e t  Mach numbers of 
0.00, 0.08, 0.16 and 0.24 are compared a t   fou r   emis s ion   ang le s ,   name ly ,  
30 degrees ,   60   deg rees   ( r ea r   a r c ) ,  90 degrees  and  110  degrees  (forward 
a r c )   i n   f i g u r e s  8.34 and 8.35 f o r   t h e   d a i s y   l o b e   n o z z l e  and t h e  
r e f e r e n c e   c o n i c a l   n o z z l e ,   r e s p e c t i v e l y .   F o r   b o t h   t h e   n o z z l e s ,   a t   e a c h  
f r e e  jet f l o w   c o n d i t i o n ,   t h e  NTF s p e c t r a l   l e v e l   g o e s  up f o r  60 degrees  
and then   gradual ly   goes  down wi th   i nc reas ing   emis s ion   ang le   compared   t o  
t h e   s p e c t r a l   l e v e l s  a t  30 degrees .   Wi th   increas ing   f ree  j e t  Mach 
number,   the   difference  between  the NTF s p e c t r a l   l e v e l s   f o r   d i f f e r e n t  
emiss ion   angles  starts decreasing.  The e f f e c t  is less pronounced  for 
t h e   r e f e r e n c e   c o n i c a l   n o z z l e .  

The e f f e c t  of f r e e  j e t  Mach number i s  f u r t h e r   s t u d i e d  by p l o t t i n g  
t h e  NTF s p e c t r a  a t  emission  angles  of 30 degrees ,   60  degrees ,  90 degrees  
and   110   deg rees   fo r   va r ious   f r ee  j e t  Mach numbers,  namely, 0.00, 0.08, 
0.16 and 0.24, i n   f i g u r e s  8.36 and 8.37 fo r   t he   da i sy   l obe   nozz le   and  
t h e   r e f e r e n c e   c o n i c a l   n o z z l e ,   r e s p e c t i v e l y .  A c loser   examinat ion   of   the  
d a t a   p r e s e n t e d   h e r e   d i s c l o s e s   t h a t   f l i g h t   s i m u l a t i o n   r e d u c e s   n o i s e   i n  
t h e  rear a r c ,   h a s  l i t t l e  change a t  90 degrees ,  and i n c r e a s e s   n o i s e   i n  
the  forward arc,  s i m i l a r   t o  what was found i n   e a r l i e r   s t u d i e s   ( r e f .  2). 
This   behavior  i s  f u r t h e r   e s t a b l i s h e d  by p l o t t i n g   t h e  NTF d i r e c t i v i t i e s  
a t  three  f requencies ,   namely,  1 KHz, 2 KHz and 4 KHz, f o r   v a r i o u s   t u n n e l  
Mach numbers i n   f i g u r e s  8.38 and 8.39, r e s p e c t i v e l y   f o r   t h e   d a i s y   l o b e  
nozz le  and t h e   r e f e r e n c e   c o n i c a l   n o z z l e .  

To show t h e   e f f e c t  of nozzle  geometry on t h e  NTF spec t r a   unde r  
f l i g h t   s i m u l a t i o n ,   t h e  NTF s p e c t r a   f o r   b o t h   t h e   n o z z l e s  are compared a t  
emis s ion   ang le s  30 degrees ,   60  degrees ,  90 degrees   and   110   degrees   for  
t h r e e   f r e e  j e t  Mach numbers,  namely, 0.08, 0.16 and 0.24, i n   f i g u r e s  
8.40 through 8.42, r e spec t ive ly .   The re  is  no s i g n i f i c a n t   d i f f e r e n c e  
observed i n   t h e  NTF spec t ra   be tween  the  two nozzles .   This  is  f u r t h e r  
c o n f i r m e d   f r o m   t h e   d i r e c t i v i t y   p l o t   i n   f i g u r e s  8.43, where  the NTF 
d i r e c t i v i t i e s   f o r   t h e  two n o z z l e s   a r e  compared a t  f r e q u e n c i e s  of 1 KHz, 
2 KHz and 4 KHz, a t  MT = 0.24 and MJ = 0.6. 
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FREQUENCY. KHz 

F i g u r e  8.32 E f f e c t  o f  f r e e   j e t  Mach n u m b e r   o n   t h e   r e f l e c t i o n   c o e f f i c i e n t  
s p e c t r a   f o r   ( a )   t h e   d a i s y   l o b e   n o z z l e ,   a n d  ( b )  t h e   r e f e r e n c e  
c o n i c a l   n o z z l e ;  MJ = 0.6. 
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F igure  8.33 E f fec t   o f   nozz le   geomet ry   on   re f l ec t i on   coe f f i c i en t   spec t ra  
f o r   v a r i o u s   f r e e   j e t  Mach numbers; MJ = 0.6. 
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( c )  MT = 0.16 

( a )  MT = 0 .00  
, 
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F i g u r e  8 . 3 4  V a r i a t i o n  o f  n o z z l e   t r a n s f e r   f u n c t i o n   s p e c t r a  w i t h  
p o l a r   a n g l e   a t   v a r i o u s   f r e e   j e t  Mach  numbers,  MT 
f o r  d a i s y   l o b e   n o z z l e ;  MJ = 0 .6 .  

288 



ix 
W 

0 ( c )  MT = 0.16 0 .  - 
I -  I *  

, " " " 0  

0 -  
I -  

(b )  MT = 0 . 0 8  
I I * \  0 -  

' 8  ""-"  

(a) MT = 0.00 

f 
I "" 90 

POLAR ANGLE DEG. 
30 
68 

110 
IL m I I 

0. 0 2.0 4.0 6.0 8.0 

"""" 

" 

FREQUENCY. KHz 
F igu re  8. 35 V a r i a t i o n   o f   n o z z l e   t r a n s f e r   f u n c t i o n   s p e c t r a   w i t h  

p o l a r   a n g l e  8 a t   v a r i o u s   f r e e   j e t  Mach numbers, MT 
f o r   re fe rence   con ica l   nozz le ;  MJ = 0 . 6 .  



ai 
TI 

z 
Y c 
[1L 
W 
LL cn 
7 

W 
A 
N 
N 
0 
7 

FLEE JET  MACH  Ni.iMBER,  MT 

0. 00 
0. 08 

”” 0. 16 
0. 24 

0. 0 2. 0 4. 0 6. 0 8. 0 

”””” 

” 

I a I I 

FREQUENCY. KHz 

F i g u r e  8.  36 V a r i a t i o n  o f  n o z z l e   t r a n s f e r   f u n c t i o n   s p e c t r a   w i t h  
f r e e   j e t  Mach  number MT a t   v a r i o u s   p o l a r   a n g l e s ,  
f o r  d a i s y   l o b e   n o z z l e ;  MJ = 0 . 6 .  

290 



ai a 
0 r ( d )  0 = 1200 

W 

N 
..A 

N n 
z 

FREE  JET MACH NUIIBER, MT 

0. 00 
”””” 0. Rl8 
”” 0. 16 
” 0. 24 

I I 8 
0.0 2.0 4. 0 6.0 e. 0 

FREQUENCY, KHz 

I 
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F i g u r e  3 .  40 E f f e c t   o f   n o z z l e   g e o m e t r y   o n   n o z z l e   t r a n s f e r   f u n c t i o n  
s p e c t r a   a t   v a r i o u s   p o l a r   a n g l e s ,  t'; MJ = 0 .6 ;  MT = 0 . 0 8 .  
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s p e c t r a   a t   v a r i o u s   p o l a r   a n g l e s ,  0; MJ = 0 . 6 ;  MT = 0 . 1 6 .  
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( a j  e = 30' 

NOZZLE  CONFIGURATION 
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DAISY LOBE  NOZZLE 

0.0 2.0 4.0 6.0 e. 0 
FREQUENCY, KHz 

F i g u r e  8 . 4 2  E f f e c t   o f   n o z z l e   g e o m e t r y   o n   n o z z l e   t r a n s f e r   f u n c t i o n  
s p e c t r a   a t   v a r i o u s   p o l a r   a n g l e s ,  e; MJ = 0.6; MT = 0.24.  
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( 4 )  Far-Field  Power  Normalized  With  Respect   to   Incident   Power (PTFi) 

F a r - f i e l d   p o w e r   s p e c t r a   n o r m a l i z e d   w i t h   r e s p e c t   t o   i n c i d e n t  power 
s p e c t r a   ( P T F f )   f o r   v a r i o u s   f r e e  j e t  Mach numbers a t  MJ = 0.6 are p l o t t e d  
i n   f i g u r e  8.44 f o r   t h e   d a i s y   l o b e   n o z z l e   a n d   t h e   r e f e r e n c e   c o n i c a l  
n o z z l e .   F o r   b o t h   t h e   n o z z l e s ,  i t  is c l e a r l y   o b s e r v e d  that  t h e   f a r - f i e l d  
a c o u s t i c   p o w e r s   d e c r e a s e   w i t h   f o r w a r d   v e l o c i t y .  It is  s e e n   t h a t   t h e r e  
is up t o   a b o u t  10 dB r e d u c t i o n   i n   t h e   f a r - f i e l d  power  due t o  a f r e e  j e t  
Mach number  of 0.24 compared t o   t h e  s t a t i c  c o n d i t i o n .   T h i s   e f f e c t  i s  
r e l a t i v e l y  more  dominant f o r   t h e   c o n i c a l   n o z z l e   c o m p a r e d   t o   t h e   d a i s y  
l o b e   n o z z l e .  To d e t e r m i n e   f u r t h e r   t h e   e f f e c t  o f   nozz le   geometry ,   the  
PTFi s p e c t r a   f o r   t h e  two  nozzles  a re  compared i n   f i g u r e  8.45 a t  MJ = 0.6 
f o r   d i f f e r e n t   f r e e  j e t  Mach numbers. A t  low f r equenc ie s   (be low 1 KKz) 
t h e   f a r - f i e l d   a c o u s t i c  power i s  c o n s i d e r a b l y   l o w e r   f o r   t h e   d a i s y   l o b e  
n o z z l e   c o m p a r e d   t o   t h e   r e f e r e n c e   c o n i c a l   n o z z l e .   T h i s   d i f f e r e n c e  seems 
to   be   i ndependen t  of MT a n d ,   t h e r e f o r e ,  i s  d u e   t o   t h e   r e a s o n s   d i s c u s s e d  
i n   t h e   p r e v i o u s   s e c t i o n  (8.2.1).  However,  due t o   t h e   i n c r e a s e   i n  M T  
v a l u e ,   t h e   P T F i   s p e c t r a l  level f o r   t h e   c o n i c a l   n o z z l e  s tar t  c o i n c i d i n g  
w i t h   t h a t   f o r   t h e   d a i s y   l o b e   n o z z l e   i n   h i g h e r   f r e q u e n c y   r a n g e .  

( 5 )  Far -Fie ld   Power   Normal ized   Wi th   Respec t   to   Transmi t ted  Power  (FTFt) 
- Power  Imbalance 

To de te rmine   t he   e f f ec t   o f   f l i gh t   on   t he   l ow- f requency   power  
i m b a l a n c e   n o t i c e d   i n   s e c t i o n  8.2.1 f o r   t h e  s t a t i c  case, t h e   f a r - f i e l d  
p o w r   s p e c t r a   n o r m a l i z e d   w i t h   r e s p e c t   t o   t h e   t r a n s m i t t e d  power s p e c t r a  
( P T F t ) ,   f o r  MJ = 0.6 a t  d i f f e r e n t  MT v a l u e s ,   f o r   t h e   d a i s y   l o b e   n o z z l e  
a n d   t h e   r e f e r e n c e   c o n i c a l   n o z z l e  are  p l o t t e d   i n   f i g u r e  8.46. T h e   e f f e c t  
o f   f r e e  j e t  Mach number i s  similar t o   t h a t   o b s e r v e d   i n   f i g u r e  8.44 f o r  
t h e  PTFi spec t r a .   Throughou t   t he   f r equency   r ange ,   t he   power   l o s s  
i n c r e a s e s  as t h e   t u n n e l  Mach number  increases .  

The   PTFt   spec t ra  are f u r t h e r   r e p l o t t e d   i n   f i g u r e  8.47, comparing 
t h e   r e s u l t s   b e t w e e n   t h e  two n o z z l e s  a t  d i f f e r e n t  M T  f o r   f i x e d  M J  = 0.6. 
S i m i l a r   t o   t h e  FCFi r e s u l t s ,   t h e r e  i s  a l m o s t   n o   e f f e c t  of M T  on 
low-frequency power l o s s .  However, a t  h i g h e r   f r e q u e n c i e s ,   t h e   P T F t  
l e v e l   f o r   t h e   d a i s y   l o b e   n o z z l e  i s  lower  compared t o   t h e   c o n i c a l   n o z z l e  
a t  l o w e r   v a l u e s  of MT. T h i s   d i f f e r e n c e   d i m i n i s h e s  a t  h i g h e r   t u n n e l  
f lows   and   becomes   negl ig ib le  a t  MT = 0 .24 .  

8.3 CONCLUSIONS 

I m p o r t a n t   c o n c l u s i o n s   f r o m   t h e   r e s u l t s   p r e s e n t e d   i n   t h i s   s e c t i o n  
a re  as f o l l o w s :  

(1) T h e   t r e n d   i n   t h e   v a r i a t i o n  of r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a  
f o r   t h e   d a i s y   l o b e   n o z z l e  i s  similar t o   t h a t   f o r   t h e   r e f e r e n c e   c o n i c a l  
nozz le .  
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( 2 )  A t  MJ  = 0, t h e   r e f l e c t i o n   c o e f f i c i e n t s   f o r   t h e   d a i s y   l o b e  
n o z z l e   a r e  more o r  less t h e  same compared t o   t h e   r e f e r e n c e   c o n i c a l  
nozz le   da t a .  However, w i th   i nc reas ing  j e t  Mach number, t h e   r e f l e c t i o n  
c o e f f i c i e n t s   f o r   t h e   c o n i c a l   n o z z l e  start decreas ing  compared t o   t h o s e  
f o r   t h e   d a i s y   l o b e   n o z z l e . .  

( 3 )  A t  z e r o   f l o w   c o n d i t i o n s ,   t h e   r a d i a t i o n  is predominantly 
towards  the  downstream  of  the j e t  ax i s .   Wi th - f low,   r e f r ac t ion  becomes 
i m p o r t a n t   a n d   t h e   p e a k s   i n   t h e   d i r e c t i v i t i e s   s h i f t   t o w a r d s   h i g h e r  
angles .  

( 4 )  Exi t   open  area of the  nozzle ,   and  not   the   nozzle   geometry,  i s  
the   con t ro l l i ng   pa rame te r   t ha t   de t e rmines   t he   shape   and  levels  of t h e  
f a r - f i e l d   s p e c t r a .  

(5 )  A low-frequency  power  loss is  observed  for  a l l  Mach numbers. 
However, t h i s  is  q u i t e  small f o r   t h e  no - f low  cond i t ion .   In i t i a t ion  of 
f l o w   i n c r e a s e s   t h e  power l o s s   l e v e l s .   B u t ,   f u r t h e r   i n c r e a s e   i n  j e t  
v e l o c i t y   d o e s   n o t   a l t e r   t h e  power l o s s   l e v e l s   a p p r e c i a b l y .  

( 6 )  Forward ve loc i ty   has   ve ry  l i t t l e  e f f e c t  on r e f l e c t i o n  
c o e f f i c i e n t s .  

( 7 )  Forward v e l o c i t y  decreases t h e  NTF i n   t h e  rear arc ,  has  l i t t l e  
e f f e c t   a t  and  around 90 d e g r e e s ,   a n d   i n c r e a s e s   r a d i a t i o n   i n   t h e   f o r w a r d  
arc. 

(8) F a r - f i e l d  power ( P T F i )  i s  reduced   under   f l igh t   s imula t ion .  

( 9 )  Power i m b a l a n c e   i n c r e a s e s   w i t h   i n c r e a s i n g   f l i g h t   s i m u l a t i o n  
v e l o c i t y .  
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’ 9 .O CONCLUDING REMARKS 

The  work d e s c r i b e d   i n   t h i s   r e p o r t   p r e s e n t s   a n  improved  acoust ic  
impu l se   t echn ique   t o   s tudy   t he   acous t i c   t r ansmiss ion   cha rac t e r i s t i c s  of 
bo th   s ing le   and   dua l  stream duct /nozzle   systems.  

The o b j e c t i v e  of t h i s  program w a s  t o   i n v e s t i g a t e   t h e   v a r i o u s  
problems  associated  with  the  spark-discharge  impulse  technique  used  in  
t h e   f i r s t  two phases of t h e   p r e s e n t   c o n t r a c t   a n d   t o   d e t e r m i n e   t h e  means 
t o  overcome those   p roblems.   In   addi t ion ,   the   re f ined   impulse   t echnique  
was t o   b e   u s e d   t o   o b t a i n  a be t t e r   unde r s t and ing  of t h e   a c o u s t i c  
t r a n s m i s s i o n   p r o p e r t i e s  of se lec ted   nozz le   geometr ies .  

To accompl ish   these   ob jec t ives ,   var ious   p roblems  assoc ia ted   wi th  
the  spark-discharge  impulse  technique were f i r s t   s t u d i e d .  
E l e c t r o a c o u s t i c   d r i v e r ( s )   i n s t e a d  of a spark   d i scharge   source  was used 
as the   impuls ive   source   in   the   p resent   impulse   t echnique .  Then t h e  
var ious  processes   to   improve  the  impulse  technique were implemented. 
These  included (1) s y n t h e s i z i n g  on acous t i c   impu l se   w i th   acous t i c  
d r i v e r ( s ) ,  ( 2 )  t ime-domain  signal  averaging, ( 3 )  s i g n a l   e d i t i n g ,  ( 4 )  
spec t r a l   ave rag ing ,   and  (5)  numerical  smoothing. 

The induc t   acous t i c  power measurement  technique was improved by 
taking  mult iple   induct   measurements   and by u t i l i z i n g  a modal 
decompos i t ion   p rocess   t o   accoun t   t he   con t r ibu t ion  of h ighe r   o rde r  modes 
i n   t h e  power computation.  The  improved  acoustic  impulse  technique was 
t h e n   v a l i d a t e d  by compar ing   t he   r e su l t s   de r ived   u s ing   t h i s   t echn ique  
w i t h  similar r e s u l t s   d e r i v e d  by o ther   es tab l i shed   methods .  

The  mechanism  of a c o u s t i c  power l o s s ,  t ha t   occu r s  when sound i s  
t r ansmi t t ed   t h rough   nozz le   t e rmina t ions ,  was i n v e s t i g a t e d   f i r s t  by 
v i s u a l  means. I n   a d d i t i o n ,   t h e  amount  of power loss was eva lua ted  
expe r imen ta l ly  and by a t h e o r e t i c a l   p r e d i c t i o n  method. 

F ina l ly ,   t he   r e f ined   impu l se   t echn ique  was a p p l i e d   t o   o b t a i n  more 
a c c u r a t e  resul ts  f o r   t h e   a c o u s t i c   c h a r a c t e r i s t i c s  of a c o n i c a l   n o z z l e  
and a mult i - lobe  mult i - tube  suppressor   nozzle ,   both of which were t e s t e d  
e a r l i e r   i n   t h e   P h a s e  I1 of t h i s   c o n t r a c t .  

The important   conclusions  obtained  f rom  this  work were l i s t e d   i n  
t h e   r e s p e c t i v e   s e c t i o n s ;   t h e r e f o r e ,   t h e y  are n o t   r e p e a t e d   i n   t h i s  
s ec t ion .   In s t ead ,   t he   spec i f i c   improvemen t s   ach ieved   due   t o   t he   r e f ined  
impulse  technique  are  summarized i n   s e c t i o n  9.1. A l s o ,  some g e n e r a l  
comments 2n t h e   f u t u r e   a p p l i c a t i o n  of t h i s   t e c h n i q u e   a r e  made i n   s e c t i o n  
9.2. 

9.1 IMPROVEMENT OF THE QUALITY OF RESULTS U S I N G  THE 
REFINED IMPULSE TECHNIQUE 

T y p i c a l   e a r l i e r   r e s u l t s   o b t a i n e d  by us ing   the   spark-d ischarge  
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impu l se   sou rce  and t h e   p o s s i b l e   e r r o r s   a s s o c i a t e d   w i t h   t h e   i m p u l s e  
t echn ique   have   been   desc r ibed   i n   s ec t ion  2. I n  t h i s   s e c t i o n ,   t h e  
improvements   on   those   resu l t s  are summarized. 

( 1 )  R e f l e c t i o n   C o e f f i c i e n t s :   T h e   r e f l e c t i o n   c o e f f i c i e n t   r e s u l t s ,  
shown i n   f i g u r e s  2.8 and 2.9 ,  ob ta ined  by u s i n g   h i g h - i n t e n s i t y  
spa rk -d i scha rge   pu l se s ,  were i n f l u e n c e d   s i g n i f i c a n t l y   b y   n o n l i n e a r  
e f f e c t s .  However,   with  the  use of t h e   r e f i n e d   a c o u s t i c   i m p u l s e  
t e c h n i q u e ,   t h e   n o n l i n e a r  effects are a l m o s t   e l i m i n a t e d .   T h i s  is  shown 
i n   f i g u r e  6 . 4 ,  where t h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a   f o r  a s t r a i g h t  
d u c t   t e r m i n a t i o n ,   o b t a i n e d   b y   t h e   r e f i n e d   t e c h n i q u e ,  are i n  good 
a g r e e m e n t   w i t h   L e v i n e   a n d   S c h w i n g e r ' s   a n a l y t i c a l   r e s u l t s   ( r e f .  7) .  

( 2 )   I n d u c t   R e f l e c t i o n  Time H i s t o r i e s   a n d   R e f l e c t i o n   C o e f f i c i e n t  
Spec t rum  fo r   Da i sy  Lobe  Nozzle:  The e f f e c t  of j e t  Mach number  on t h e  
r e f l e c t i o n  time h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e ,   o b t a i n e d  by u s i n g  
s p a r k - d i s c h a r g e s   p u l s e s ,  i s  shown i n   f i g u r e  2.10. Here, as t h e  j e t  Mach 
number i n c r e a s e s ,   t h e   r e f l e c t i o n   f r o m   t h e   o p e n   e n d   d e c r e a s e s ,   a n d   t h e  
r e f l e c t i o n   f r o m   t h e   s o l i d   p a r t  o f   t h e   n o z z l e   t e r m i n a t i o n   i n c r e a s e s .   I n  
f a c t ,  a t  MJ = 1.2, t h e   i n c i d e n t   a n d   t h e   r e f l e c t e d   p u l s e s   a p p e a r   t o   b e   o f  
t h e  same a m p l i t u d e .   T h i s   i m p l i e s   t h a t ,  a t  h i g h e r   j e t  Mach numbers ,   the  
i n c i d e n t   s o u n d   f i e l d  i s  a lmos t   comple t e ly   r e f l ec t ed   by   t he   nozz le  
t e r m i n a t i o n ,   a n d   t h e   c o r r e s p o n d i n g   r e f l e c t i o n   c o e f f i c i e n t   r e s u l t s  shown 
i n   f i g u r e s  2 .12  and  2 .13  confirm  this .  

Tn c o n t r a s t ,   t h e   i n d u c t  time h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e ,  
o b t a i n e d   w i t h   t h e   r e f i n e d   i m p u l s e   t e c h n i q u e   a n d   p r e s e n t e d   h e r e   i n   f i g u r e  
9.1, show a d i f f e r e n t  outcome. From t h i s   f i g u r e ,  i t  c a n   b e   s e e n   t h a t  
a l t h o u g h   t h e   o p e n   e n d   r e f l e c t i o n   g r a d u a l l y   d i m i n i s h e s  w i t h  i n c r e a s i n g  
j e t  Mach number, t h e   i n - p h a s e   r e f l e c t i o n   f r o m   t h e   s o l i d   p a r t  becomes 
wide r  as t h e  Mach number inc reases ,   and  i t s  peak  ampli tude  does  not  
a p p r o a c h   t h e   i n c i d e n t   p u l s e   a m p l i t u d e   a t   h i g h  MJ. T h i s   i n d i c a t e s   t h a t  
the r e f l e c t e d   p u l s e   c o n t a i n s  less  high-frequency  energy  (which  must  have 
b e e n   t r a n s m i t t e d   o u t   o f   t h e   n o z z l e ) .   T h e   r e f l e c t i o n   c o e f f i c i e n t   s p e c t r a  
p l o t t e d  in f i g u r e  8.11 i n   f a c t   s u p p o r t   t h i s ;   t h e   r e f l e c t i o n   c o e f f i c i e n t  
l e v e l s  now decrease no t   on ly   w i th   i nc reas ing  M J ,  b u t   a l s o   w i t h  
i n c r e a s i n g   f r e q u e n c y .   H e n c e ,   t h e s e   r e s u l t s   f o r   t h e   d a i s y   l o b e   n o z z l e  
a r e   s i v i l a r   t o   t h e   r e s u l t s   f o r   t h e   e q u i v a l e n t   c o n i c a l   n o z z l e .  

( 3 )  Far-Fie ld  T i m e  H i s t o r i e s :   T h e   f a r - f ' i e l d  time h i s t o r i e s   f o r  
t h e   d a i s y   l o b e   n o z z l e   ( a t   v a r i o u s  j e t  Mach numbers)   obtained  f rom  the 
s p a r k - d i s c h a r g e   e x p e r i m e n t s   a r e   c o m p a r e d   i n   f i g u r e  9.2 w i t h  similar 
r e s u l t s   o b t a i n e d  hy t h e   r e f i n e d   i m p u l s e   t e c h n i q u e .   T h e   p u l s e s   w i t h   t h e  
spark-d ischarge   sound  source  a r e  contaminated   wi th  j e t  m i x i n g   n o i s e ,  
e s p e c i a l l y   i n   t h e   f o r w a r d   a r c   a n d  a t  h i g h e r  Mach numbers .   In   fac t ,  a t  
MJ = 1 . 2 ,   t h e   f a r - f i e l d   p u l s e s  a re  n o t   i d e n t i f i a b l e .   I n   c o n t r a s t ,   t h e  
f a r - f i e l d   s i g n a l s   f r o m   t h e   r e f i n e d   i m p u l s e   t e c h n i q u e   a r e   c l e a r l y   v i s i b l e  
a t  a l l  p o l a r   a n g l e s   e v e n  a t  YJ = 1.2. T h i s  i s  achieved  by e l i m i n a t i n g  
o r   m i n i m i z i n g   t h e  j e t  mix ing   no i se   con tamina t ion   by   u s ing   t he   s igna l  
a v e r a g i n g   p r o c e s s .  
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Figure  9 . 1  Induc t  time h i s t o r i e s   f o r   t h e   d a i s y   l o b e   n o z z l e  
measured a t  v a r i o u s  j e t  Mach numbers. 
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(a )  TIME HISTORISS USING SPARK DISCHARGE (b) SIGNAL AVERAGED TIME HISTORIES USING 
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Figure 9.2 Far-field time-histories  for the daisy lobe  nozzle at various 
jet  Mach  numbers  measured at different  polar angles. 



( 4 )  Far-Field Power: I n   t h e  earlier measurements  using the spark- 
discharge  impulse method t o   s t u d y   t h e   a c o u s t i c   t r a n s m i s s i o n  
c h a r a c t e r i s t i c s   o f   t h e   d a i s y   l o b e   n o z z l e  as a f u n c t i o n  of je t  Mach 
number, an   oppos i t e   t r end  w a s  found  between  the  far-f ie ld  power r e s u l t s  
and t h e   r e f l e c t i o n   c o e f f i c i e n t   r e s u l t s .  However, i n   t h e   p r e s e n t  work 
u s i n g   t h e   r e f i n e d   a c o u s t i c   i m p u l s e   t e c h n i q u e ,   t h i s   i n c o n s i s t e n c y   h a s  
been   successfu l ly   reso lved .  

(5) Power Balance:   In  the p rev ious  work u s i n g   h i g h - i n t e n s i t y  
spark-discharge  pulses ,  a l a r g e  amount  of  low-frequency  power loss  was 
observed   for   the   conica l   and   the   da isy   lobe   nozz les  a t  a l l  flow 
c o n d i t i o n s   i n c l u d i n g  MJ = 0 ( s e e   f i g u r e  2.18). On the   o the r   hand ,   t he  
p re sen t   r e su l t s   u s ing   t he   r e f ined   impu l se   t echn ique   (w i th   l ow- in t ens i ty  
p u l s e s )  do not  show such a high power l o s s   f o r   t h e  no-flow  condition. 
However, t h e  small power l o s s  s t i l l  observed a t  M J  = 0 i s  a real e f f e c t ,  
and it has  been  confirmed by independent power  imbalance  measurements 
us ing   the   impedance   tube   t echnique   ( see   F igure  6.8). 

( 6 )  Time  H i s t o r i e s  Due to   Mul t ipo in t   Source   in   Annular   Region:   In  
t h e  ear l ier  work t o   s t u d y   t h e   a c o u s t i c   t r a n s m i s s i o n   c h a r a c t e r i s t i c s  of 
the  mult i -chute   coaxial   nozzle ,   severe   problems were encountered when a 
mul t ipo in t   spark-d ischarge   source  was used i n   t h e   a n n u l a r  plenum. A s  
i n d i c a t e d  by f i g u r e s  2.19 and 2.20, bo th  th.e induc t   and   t he   f a r - f i e ld  
s i g n a l s  are very complex i n   t h i s  case. A s  a r e s u l t ,   a n   a c c u r a t e  
s e p a r a t i o n   a n d   e d i t i n g  of t h e   i n c i d e n t ,   r e f l e c t e d ,   a n d   f a r - f i e l d   p u l s e s  
was n o t   p o s s i b l e ,  and i n   p a r t i c u l a r ,   t h e   r e f l e c t i o n   c o e f f i c i e n t s  of t he  
nozz le   could   no t   be   de te rmined .   In   cont ras t ,  as demons t r a t ed   i n   f i gu re  
9.3, t h e   u s e  of s i g n a l   s y n t h e s i s   i n   t h e   p r e s e n t   r e f i n e d   t e c h n i q u e   ( u s i n g  
a c o u s t i c   d r i v e r s )   a l l o w s  a much b e t t e r   g e n e r a t i o n   a n d   s e p a r a t i o n   o f  
s i n g l e   i n c i d e n t   a n d   r e f l e c t e d   p u l s e s ,   e v e n   i n   t h e   p r e s e n c e   o f   f l o w .  
Fur the rmore ,   t he   f a r - f i e ld   pu l se s  are a l s o  much c l eane r .  

9.2 GENERAL COMMENTS ON THE APPLICATION OF 
THE ACOUSTIC IMPULSE TECHNIQUE 

( 1 )  A m a j o r   l i m i t a t i o n   o f   t h i s   t e c h n i q u e  i s  a s s o c i a t e d   w i t h   t h e  
frequency  response of t h e   a c o u s t i c   d r i v e r .  The a c o u s t i c   d r i v e r  is 
incapab le  of g e n e r a t i n g   s i g n a l s  a t  f r e q u e n c i e s   o u t s i d e  i t s  frequency 
band limits. T h e r e f o r e ,   i n   p r a c t i c e ,  more t h a n   o n e   d r i v e r   w i t h  
d i f f e r e n t   f r e q u e n c y  band widths  may be   necessary   to   cover  a complete 
frequency  range of i n t e r e s t .  

( 2 )  S i g n a l   s y n t h e s i s  i s  u s e d   t o   g e n e r a t e  a d e s i r e d ,   s h a r p ,   s i n g l e  
inc iden t   pu l se .  However, i f   the   f requency   responses   o f   the   induct   and  
the   fa r - f ie ld   microphones  are n o t   i d e n t i c a l   ( m o r e   s t r i c t l y ,   i f   t h e  
r e s p o n s e s   a r e   n o t   f l a t ) ,   t h e n  a s h a r p   s i n g l e   p u l s e  as measured by t h e  
induct  microphones,  pay  not  be  measured so by the   fa r - f ie ld   microphones .  
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F i g u r e  9 - 3  I nduc t  and far f i e l d   t i m e   h i s t o r i e s  for a con ica l   annu la r  
n o z z l e ,  (a) MJ = 0.0, ( b )  MJ = 0.6. 
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An example  of t h i s   e f f e c t  i s  i l l u s t r a t e d   i n   f i g u r e  9.4 where t h e  
i n d u c t   a n d   f a r - f i e l d  time h i s t o r i e s   f o r  a s t r a i g h t   d u c t   a r e   p r e s e n t e d .  
The r e s u l t s   p r e s e n t e d   i n   f i g u r e   9 . 4 ( a )  are obta ined   by   us ing  a 
mul t ipo in t   induct   p robe   and  12.7 mm B&K m i c r o p h o n e s   i n .   t h e   f a r   f i e l d .  
The   f requency   responses   o f   the   induct   p robe   microphones  were n o t   f l a t  
and  thereby  not  similar t o   t h a t   f o r   t h e  B&K mirophones.  When s i g n a l  
s y n t h e s i s  w a s  a p p l i e d   f o r   t h e   i n d u c t   p r o b e ,   t h e   i n c i d e n t   p u l s e  came ou t  
t o  be a s i n g l e   p u l s e  as d e s i r e d .  However, t h e   p u l s e s   m e a s u r e d   i n   t h e  
f a r   f i e l d  ha? mul t ip l e   peaks .  When a similar exercise was conducted  by 
r e p l a c i n g   t h e   i n d u c t   p r o b e   w i t h  a p r e s s u r e   t r a n s d u c e r  whose f requency  
response was similar t o   t h a t   f o r   t h e  B&K m i c r o p h o n e s ,   t h e   r e s u l t s  
o b t a i n e d   w i t h   s i g n a l   s y n t h e s i s   a r e   q u i t e   d i f f e r e n t ,  as  shown i n   f i g u r e  
9 . 4 ( b ) .   I n   t h i s   c a s e ,   n o t   o n l y   t h e   i n c i d e n t  and t h e   r e f l e c t e d   s i g n a l s  
a re  s i n g l e   p u l s e s ,   b u t   a l s o   t h e   f a r - f i e l d   p u l s e s  are w e l l  de f ined   w i th  
one  negat ive  and  one  posi t ive  peak.  

( 3 )  S i n c e   t h e   i n t e n s i t y   o f   t h e   i n c i d e n t   p u l s e s   d u e   t o   a c o u s t i c  
d r i v e r ( s )  i s  about  30 dB lower  compared t o  a s p a r k   d i s c h a r g e   p u l s e ,   t h e  
s i g n a l - t o - n o i s e   r a t i o   f o r   t h e   f a r - f i e l d   s i g n a l s  is q u i t e   p o o r   a t   h i g h e r  
Nach numhers,  even a f t e r   s i g n a l   a v e r a g i n g .   T h i s   i n t r o d u c e s   c o n s i d e r a b l e  
amount  of e r r o r   i n   t h e   p r o c e s s   o f   e d i t i n g .  

T h i s  p roblem  can   be   avoided   in   p r inc ip le  by i n c r e a s i n g   t h e  number 
of  s igna l   averages ,   which  i s  a d i f f i c u l t  and  time-consuming  process. 
A l t e r n a t i v e l y ,  a h i g h - i n t e n s i t y   s p a r k - d i s c h a r g e   p u l s e   c a n   b e   u s e d   f o r  
h i g h e r   f l o w   c o n d i t i o n s ,   w h e r e   t h e   n o n l i n e a r   e f f e c t s   o f   t h e   p u l s e  would 
b e   a l m o s t   n e g l i g i b l e   d u e   t o   t h e   p r e s e n c e  of f low.   The  spark  discharge 
must   be   repea ted   severa l  times t o   c a r r y   o u t  a f e w   s i g n a l   a v e r a g e s   t o  
r e d u c e   t h e  j e t  m i x i n g   n o i s e   t o   a c c e p t a b l e  level.  The re fo re ,  a 
combinat ion of the   spark-d ischarge   impulse   t echnique   and   the  
present ly-developed   impulse   t echnique   appears   to   be   more   su i tab le   to  
cove r  a l l  f l o w   c o n d i t i o n s   o f   p r a c t i c a l   i n t e r e s t .  
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(a) lNDUCT PROBE WITH NONFLAT 1 1  FREQUENCY  RESPONSE  FREQUENCY RZSPONSE 
(b) INDUCT PROBE WITH FLAT 

INDUCT 

1 e =  

U 
1 

I 
U r I 

0 2 4 6 8 
. I 

TIME, MS 
Figure 9 . 4  I nduc t  and f a r - f i e l d   t i m e   h i s t o r i e s   f o r  a s t r a i g h t   d u c t   a t  

MJ = 0.0, u s i n g   t w o   d i f f e r e n t   i n d u c t   p r o b e s ,   w i t n   ( a )   n o n -  
f l a t  and (b )  f l a t   f r e q u e n c y   r e s p o n s e ,   t h e   f a r f i e l d   m i c r o p h o n e s  
be ing  same for both  cases w i th  f la t   f requency   response.  
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APPENDIX A 

NOMENCLATURE 

A 

h 

I 

k 

L 

NTC  (ENTF) 

M 

m 

n 

P 

P 

pmn 
PTF 

R 

RI 

Rm 

r 

t 

T 

U 

V 

cross-sectional  area of the  duct 

speed of sound 

diameter 

frequency 

annulus  width 

acoustic  intensity 

wave number, 2nf/c 

protrusion  of  primary  exit  beyond  the fan exit 

normalized  transmission  coefficient  (-nozzle  transfer  function) 

Mach  number 

circumferential  mode  number 

radial  mode  number 

acoustic  pressure  amplitude 

mean  pressure 

modal  coefficient  for mn mode 

power  transfer  function 

radius,  also  resistance 

inner  duct  radius  of  coannular  system 

polar  arc radius 

radial  coordinate 

time 

temperature 

oscillatory  flow  velocity 

mean  velocity 
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W 

X 

X 

2 

x 
P 
n 

P 

(5 

0 

acoustic  power 

reactrace 

axial  coordinate 

radiation  impedance 

wave  length 

density 

oscillatory  density 

reflection  coefficient  amplitude 

azimuthal  coordinate  (in  chapter 5 ) ,  also. 

far-field  measurement  angle  cdegrees)  with  the  jet  axis 
(polar angle, also  emission  angle) 

convergence  angle of the  nozzle 

time 

Subscripts  and  Superscripts 

0 relating  to  the  ambient 

C 

D 

DL 

f 

i 

J 

r 

t 

T 

1 

f I  

relating  to  the  conical  nozzle 

relating  to  the  duct 

relating to the  daisy  lobe  nozzle 

relating  to  the  far-field 

relating  to  the  incident  wave 

relating  to  the  fully-expanded  jet  condition 
(for  single  stream  and  for  annular  stream) 

relating  to  the  reflected  signal 

relating  to  the  transmitted  signal 

relating  to  the  free-jet 

relating  to  the  first  derivative 

relating  to  the  second  derivative 
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APPENDIX B 

DATA REDUCTION COMPmER  PROGRAMS 

T h e  major   computer   p rograms  used   for   the   p resent   inves t iga t ion  are 
l i s t e d  i n  t h i s  Appendix.  These  programs are  w r i t t e n   i n  FORTRAN V 
in t e rp re t ive   l anguage   compa t ib l e   w i th   t he  VAX/VMS machine  language 
compiler.  The computer  programs are d iv ided   i n to   fou r   g roups .   The  
f i r s t   g r o u p   c o n s i s t i n g  of a s ing le   p rogram  wi th  two subrou t ines   u sed  
t o   s y n t h e s i z e   a c o u s t i c   s i g n a l s  t o  g e n e r a t e  a des i r ed   s igna l   f rom 
acous t i c   d r ive r   sys t em.   The   s econd   g roup   cons i s t ing   o f   f i ve   ma in  
programs was u s e d   f o r  modal decompos i t ion   exe rc i se   fo r   s ing le   and  
annu la r   s t r eam  duc t s .  The t h i r d   g r o u p   c o n s i s t i n g  of a s ing le   p rogram 
w i t h  two s u b r o u t i n e s  was u s e d   t o   e v a l u a t e   c o m p l e x   r e f l e c t i o n   c o e f f i c i e n t  
and specif ic   nozzle   impedance  using  impedance  tube  measurements .   The 
f o u r t h   g r o u p   c o n s i s t i n g  of a s i n g l e   p r o g r a m   w i t h   f i v e   s u b r o u t i n e s  w a s  
used  t o  compute  induc't  and f a r - f i e l d   p a r a m e t e r s   f o r   s i n g l e   o r   a n n u l a r  
stream  duct-nozzle  systems. 

B e 1  SIGNAL SYNTHESIS 

The s i g n a l   s y n t h e s i s  is  d e f i n e d   a s   t h e   p r o c e d u r e   t o   o b t a i n  a 
d i s t o r t e d  waveform  from  the  response of t h e   d r i v e r   s y s t e m .  The 
c a l c u l a t e d   d i s t o r t e d  wave form, when f ed   back   t o   t he   d r ive r   sys t em,  
completes a feed-back  loop and the   ou tpu t  of t h e   d r i v e r   s y s t e m  i s  t h e n  
t h e   d e s i r e d   s i g n a l .  

MSYNTHE: T h i s  i s  the   main   p rogram  to   compute   the   d i s tor ted  
waveform t o   g e n e r a t e  a d e s i r e d   s i g n a l .  The i n p u t   t o   t h e   p r o g r a m  
i n c l u d e s   t h e  time h i s t o r y  of a n   a r b i t r a r y   i n p u t   s i g n a l   t o   t h e   d r i v e r  
system  and  the  corresponding  output of t h e   d r i v e r   s y s t e m .  The d e s i r e d  
o u t p u t   s i g n a l  time h i s t o r y  i s  a l s o   f e d   t o   t h e   p r o g r a m  when i t  i s  
d i f f e r e n t   f r o m   t h e   a r b i t r a r y   i n p u t   s i g n a l   t o   t h e   d r i v e r   s y s t e m .  

FFT: T h i s   s u b r o u t i n e   t o  MSYNTHE i s  u s e d   t o   c a l c u l a t e   t h e   F o u r i e r  
t ransform  of   the   input  time h i s to r i e s   t o   t he   ma in   p rog ram  and   t o  
c a l c u l a t e   t h e   i n v e r s e   t r a n s f o r m  of the   syn thes i zed   ou tpu t .  

RITREV: T h i s   s u b r o u t i n e   t o  MSYNTHE i s  u s e d   t o   r e v e r s e   t h e   d a t a  
f rom  inverse   b inary   to   normal .  
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C 
C 
c 
c 
C 
c 
C 
C 
c 

c 

C 

C 

C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 

PROGRAM NAME : MSYNTHE.  FOR 

................................................ 

T O  CALCULATE A SYNTHESIZD  SIGNAL BY CONVOLUTION 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
D I M E N S I O N   I A ( 3 , 1 O 2 4 )   , N R 1 ( 3 )  

COMPLEX CC(lO24),DD(l~24),RA(lO24),D(lO24),CD.(lO24) 

CHARACTER l?NAME* 13 

PIp3.1415926 

******** I m U T  DATA ********** 
R E A D ( 5 , * ) N , I Y E S , I D E S , I D X , N R 1 ( 1 ) , ~ 1 ( 2 ) , N N O  

IF(IDES.EQ.l)REAn(5,*)NR1(3) 
...................... 

N = EXPONENT OF 2 TO  DETERMINE  TOTAL NUMBER OF 
POIEPTS I N   T H E  RECORD. 

IYES = CONTROL  PARAMETER T O  
TO  AVOID  POOR LOW AND 

= 0 ,  NO E D I T I N G  
= 1, EDITING  REQUIRED 

I D E S  = CONTROL  PARAMETER  TO 
= 0, DESIRED  S IGNAL I S  
= 1, DESIRED  S IGNAL I S  

SIGNAL AWD DATA  FOR 
IDX = CONTROL  PARAMETER  FOR 

= 0, NO PRINTOUT 

E D I T  FREQUENCY  SPECTRUM 
HIGH END DRIVER'S  RESPONSE 

DECIDE ON DESIRED  S IGNAL 
SAME AS ORIGINAL  INPUT  S IGNAL 
DIFFERENT FROM ORIGINAL  INPUT 
T H I S   S I G N A L  I S  S U P P L I E D  
GETTING  PRINTOUT 

= 1, INPUT AND VARIOUS  OUTPUT DATA ARE  PRINTED 
NR1( 1) = RUN NUMBER FOR  ORIGINAL  INPUT  S IGNAL 
NRl(2) = RIJN NUMBER FOR  OUTPUT  SIGNAL 
N R l ( 3 )  = RUN NUMBER FOR  DESIRED  SIGNAL I F  I T  I S  NOT 

SAME A S   O P I G I N A L   I N P U T   S I G N A L  
NNO = NUMBER OF LOW FREQUENCY POINTS  FOR WHICH THE 

DRIVER'S  RESPONSE WOULD BE  KEPT  ZERO 
= ATLEAST 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N1=2**N 
N2=N1/2  
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JKO= 2 
IF(IDES.EQe1)JKO=3 

C 
C 
C 

C 
C 
C 
C 

110 

120 

100 
C 
C 
C 

15 0 

130 
140 

160 

******* INPUT DATA FROM 
DO 100 JK=l , JKO 
NP= 1 OO* JK 
IF(JK.EQ.3)NF'=100 
JK = 1, INPUT TO DRIVER 
JK = 2, OUTPUT  MEASURED 
JK = 3 , DESIRED  OUTPUT 

NR=NR~ (JK) 

FILES  STORED  IN DISC ******** 

BY PROBE 

(IF IDES=O, DESIRED OUTPUT IS SAME AS INPUT TO DRIVER) 
ENCODE(13,110,FNAME)NRyNP 
FORMAT(213,'SYN.RDT') 
OPEN(UNIT=9,NAME=FNAME,STA'XJS='OLD') 
READ(9,270)(IA(JK,I),I=lyNl) 
IF(IDX.E~.l)WRITE(6,120)NR,NP 
FORMAT(  1H1 , 1OXy2I8//) 
IF(IDX.EQ.l)WRITE(6,270)(IA(JK,I),I=lyNl) 
CLOSE ( 9  ) 
CONTINTE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DO  150  1=1  ,N1 
Al=IA( 1 , I) 
A2=IA(  2 , I) 
DD(I)=cMPLX(A~,O.) 
CC(I)=CMPLX(A2,0.) 
CONTINUE 
1F(1DX.EQ.1)~TR1TE(6,130)(DD(1),1=1,N1) 
1F(1DX.EQ.1)WR1TE(6,130)(CC(1),1=1,N1) 

CALL BITREV(N,DD) 
CALL FFT(N,CC,D) 
CALL BITREV(N,CC) 
IF(IDX.EQ.l)WRITE(6,1~~)(DD(I),I=lyNl) 
IF(IDX.E~.1)WRITE(6,140)(CC(I),I=lyNl) 

FORMAT(lOF10.2) 
IF(IDES.NE.1)GO TO 170 
PO 160 I=l,Nl 
Al=IA(3,1) 
CD(I)=CMPLX(Al,O.) 
CONTINUE 

CALL BITREV(N,CD) 

CALL FFT(N,DD,D) 

FORMAT(~OF~.O) 

CALL FFT(N,CD,D) 
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170 

180 
190 

200 

220 
23 0 

240 
210 

250 

260 
C 
C 
C 
C 

270 

GO TO 190 
CONTINUE 
DO 180 I=l,Nl 
CD(I)=DD(  I) 
CONTIrn 
DO  200  1-1  ,N1 
RA(I)=CD(I)*DD(I)/CC(I) 
IF(I.L.E.NN~)RA(I)-(O.,~.) 
RA(I)=CONJG(RA(I)) 
CONTINUE 
IF(IYES.EQ.O)GO TO 210 
READ(5,*)  ALF,AUF,FRE 
ANb(N2-1)*ALF/FRE 
AlJP;.(N2-1)*AUF/FRE 
NT..=ANL+l 
NU=AUI?+l 
WRITE(6,*)  ALF,AUF,FRE,NL,NU 
IF(NL.LE.2) GO TO 230 
DO 220  I-2,NI. 

RA(N1+2-I)=DD(I) 
COW INUE 

IF(NU.GE.N2) GO TO  210 
DO  240  I=NU,N2 
RA( I )=DD( I ) 
RA(N1+2-I)=DD( I) 
CONT  INUE 
CONTINUE 
CALL  FFT(N,RA,D) 
CALL  BITREV(N,RA) 
DO 250  I=l,Nl 
RA(I)=CONJG(RA(I))/N~ 
CONTINUE 
DO  260  I=l,Nl 
IA(2,I)=REAL(RA(I))+.5 
ccIm Irn 

RA( I)=DD( I) 

CONTINUE 

** DATA  STORED IN  FOR020  IS  COPIED TO A MAG *** 
TAPE  FOR SUBSEQUEm USE 

WRITE(20,270)  (IA(2,1),I=l,Nl) 
FORMAT(1018) 
STOP 
END 
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUl' INE  FFT( IGAM , XVAL, W) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO  CALCULATE THE ' Z '  TRANSFORM  OF  2**N SETS OF POINTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IGA!! = EXPONENT OF 2 TO DETERMINE  TOTAL NO OF POINTS 
INUM = NLJMBER  OF POINTS 
XVAL(1) = VALUE  AT T=O 
XVAL( INl" /2+1)  = VALUE  AT T=PERIOD/2 
XVAL( IMTM/2+2) = VALUE  AT T=-PERIOD/2+DELT 
XVAL(INUM) = VALUE  AT T=-DELT 

XVAL I S  RETURNED AS  THE FOURIER TRANSFORM S ( F )  I N  STEPS 
OF DELF=l/PERIOD.  S(F) I S  FOLDED  ABOUT F=IUNM/Z*PERIOD 

FOR A FREOIJENCY  TRANSFORM THE CALLING ROUTINE MUST 
MIJLTIPLY BY DELT  TO OBTAIN THE  POWER SPECTRUM. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IMPLICIT INTEGER*2 (I-N) 

C 
DIMENSION XVAT,( l),b7( 1) 

C 

c 
COMPLEX  XVAL,W,VAL,XDUM,WC 

DATA IONCE/O/ 
C 

P I = 3 . 1 4 1 5 9 2 6  
IC+ 1 
IF(IGAM.LT!O)IG=-~ 
IGAM=IABS(IGAM) 
NUM=2**(1GA"l) 
INuM= 2 * m  
ANLJM=IG*NUM 
IF(1ONCE.EQ.IGAM)GO TO 110 
xDUM=CMF'IX(O.O,-PI/ANJ) 
w(1)=(1.0,0.0) 
WC=CEXP(XDUM) 
DO 1 2 0  KKK=2,NUM 
K1=2*(KKK-1) 
I C = K l .  
I4=K1 
IBITV=INUM 
DO 1 7 0  I = l , I G A M  

I B = I C / 2  
IBITV=IBITV/~  
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170 

120 

11rJ 

200 

160 
15 0 
210 

140 

K1=(  IC-2*IB)*IRITV+K1 
IC=IB 
11=14/IBITV 
Il=IBITV*Il 
Kl=Kl-Il 
I4=14-11 
COrnINUE 
W(KKK)=WC**Kl 
CONTINUE 
IONCE=IGAM*IG 
cow INUE 
N2= 1 
Irn2=N[M 
DO 140  IOUT=1  ,IGAM 
DO 200 KK=l ,IGM2 
KVAG-KK+IGM2 
XDIJM=XVAL(KK) 
VAL= XVAL ( KVAL ) 

XVAL(KVAL)=XDUM-VAL 
XVAL ( KK) = XDlJM+VAL 

IF(N2.EQ.l)GO TO 210 
DO 150  KKK=2,N2 
LLL=2*(KKK-l)*IGM2 
DO 160  KK=l,IGM2 
IVAL=KK+LLL 
KVAL=IVAL+IGM2 
XDIJM=XVAL(  IVAL) 
VAL=W(KKK)*XVAL(KVAL) 
XVAL(IVAL)=XDUM+VAL 
XVAL(KVAL)=XT>U"VAL 
CONTINUE 
CONTINITE 
N2=  2*N2 
Irn2=IGM2/2 
CONTINUE 
RETURN 
EM) 
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

110 

1 2 0  

100 

SUBROUCINE BITREV(IGAM,XVAL) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO  REVERSE  THE DATA FROM INVERSE  BINARY TO NORMAL 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IGAM = EXPONENT  OF 2 TO DETERMINE  THE NUMBER OF 

P O I N T S   I N   T H E  DATA STRING 
XVAL = A  COMPLEX ARRAY OF  2**IGAM T O  BE  BITREVER-SED 

IMPLICIT   INTEGER*2   ( I -N)  

DTMENSION  XVAL(1) 

COMPLEX  XVAL , XDIJM 

INUM=2**IGAM 
"1= INU" 1 
ITOP=INUM/2 
I C 7  1 
N1= 1 

I C =  1 
NUP= I T O P  
Imp= 0 

N1=2*N1 
IG IG+1 
DO 120 J = l , I G  
I R = I C / 2  
ITMP=(IC-2*IB)*NUP+ITMP 
I C =   I B  

no 100 I = l , N U M l  

IF ( I .LE .N~)GO TO 110 

NlJP=NuP/2 
CONTINUE 
I V A L = I + l  
ITMP=ITMP+l  
IF(IVAL.Cl ' . ITMP)GO  TO 100 
XDUM=XVAL( IVAL) 
XVAL(IVAL)=XVAL(ITMP) 
XVAL(  ITMP)=xDUM 
CONTINUE 
RETURN 
END 
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B .2 MODAL DECOMPOSITION 

I n  modal decompos i t ion   p rocedure   s eve ra l   r ad ia l  and  azimuthal 
pressure  measurements are- made and us ing   t hese  complex p r e s s u r e   d a t a   t h e  
modal con ten t s  of t h e   p r e s s u r e   f i e l d  i s  determined.   Therefore ,   the  
a c o u s t i c  power due   to   each   ind iv idua l  mode a n d   a l s o   t h e i r   t o t a l  sum are 
der ived.  

B.2.1 Radia l  Modal Decomposition  for  Single  Stream  Duct-Nozzle  System 

(1) SIDCOR: This  program is  used to   eva lua te   abso lu t e   sound  
p res su re  level and   the  relative p h a s e   o f   t h e   i n c i d e n t   a n d   t h e   r e f l e c t e d  
p res su re   f i e lds   measu red  a t  v a r i o u s   r a d i a l   l o c a t i o n s .  The i n p u t   t o   t h e  
program  cons is t s   o f   the   complex   re f lec t ion   coef f ic ien t   and   the   complex  
t r a n s f e r   f u n c t i o n   o f  a r e f e r e n c e   d e l t a   f u n c t i o n   w i t h   r e s p e c t   t o   t h e  
inc iden t   p re s su re   fo r   va r ious   r ad ia l   measu remen t s .  

( 2 )  "MODAL: T h i s  i s  t h e   r a d i a l  modal decomposi t ion  program  for   s ingle  
stream duct-nozzle  systems.  The  program  computes  the  area-weighted 
pressures ,   area-weighted  induct   powers ,   individual  modal i nduc t  powers 
and success ive  summation  of  modal  induct  powers.  The  induct  powers 
i n c l u d e   t h e   i n c i d e n t ,   t h e   r e f l e c t e d  and the   t r ansmi t t ed  powers.  Input 
t o   t h e  program inc ludes   t he   ou tpu t  of SIDCOR and o ther   parameters   def ined  
i n   t h e  program l i s t i n g .  

RES12: Th i s   sub rou t ine   t o  program " M O D A L  i s  u s e d   t o   c a l c u l a t e  
R e s s e l   f u n c t i o n s   ( f i r s t   k i n d )  of ze ro  and f i r s t   o r d e r   f o r  real 
arguments. 

QSF: This  subroutine  to  program " M O D A L  i s  used   t o  compute t h e  
i n t e g r a l  of a g i v e n   t a b l e  of s i x   o r  more equispaced  values .  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM; SIDCOReFOR 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO EVALUATE  THE  ABSOLUTE SOUND PRESSURE  LEVEL 
O F   T H E   I N C I D E N T  AND R E F L E C T E D   P R E S S U R E   F I E L D S  
USING  THE  REFLECI ' ION  COEFFICIENT  DATA AND THE 
TRANSFER  FUNCTION  OF  THE  REFERENCE  DELTA 
FUNCTION  WITH  RESPECT  TO  THE  INCIDENT  PRESSURE 
FOR A SINGLE  STREAM  DUCT-NOZZLE  SYSTEM,IN-DUCT 
PRESSURE  F IELD  MEASURED  USING A MULTI-POINT  PROBE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DIMENSION C(501),AMP(6),CR(501),AC(501),PC(501), 

*AD(501),PD(501),PH1(501),AM(6,501),PH(6,501), 
*F(50l),RAD(501),RPD(501) 

C 
CHARACTER FNAME* 13 

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

READ(S,*)INDX,NR,NP8O,NRO,NRlO,Al 

INDX=O, ' WITHOUT MEAN FLOW 
=1, WITH MEAN FLOW 

NR=RIJN NUMBER 
NP80=20O+NUMRER  OF  POINTS  TAKEN AWAY BETWEEN 

"""""""-"""""""""" 

I N C I D E N T   P U L S E  & REFLECTED  PULSE  TO  EVALUATE 
R E F L E C T I O N   C O E F F I C I E N T  

NRO=RUN NUMBER FOR AMPLITUDE  CALIBRATION 
NR10=RUN NUMBER FOR  PHASE  CALIBRATION 
Al=ATTENUATION ON  CHANNEL  A  DURING  AVERAGING 

R E A D ( 5 , * ) ( A M P ( K ) , K = 1 , 6 )  

AMP(K)=AMPLIFICATION  FOR  THE  MICROPHONES  USED I N  

K=l   CORRESPONDS  TO  THE  MIC AT THE  CENTERLINE  OF 

""-""""""""" 
S I X   P O I N T   P R O B E  

THE DUCT; K B E I N G   T H E  NO OF INDUCC  MEASUREMENTS. 

I B = 5  01 
NPO= 103 

IB=NUMBER  OF DATA P O I N T S   I N  A F I L E  
NP@THREE  DIGITS   ASSOCIATED  WITH NRO T O  NAME 

THE  AMPLITUDE  CALIBRATION DATA F I L E  
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SPLR~114.-37.9+20.-5O.+(A1+5.) 

SPLR=SPLRO-AMP(K) 
=114.-37.9+(20.-AMJ?(K))-50.+(A1+5.) 

114. d B  (WITH 25.+25.=50. d B  A T T N )   W I T H   R E S P E m   T O  
1800 L I N E A R  COUNT (WITH 5 d B  ATTN)  READS -37.9; . 
THEREFORE A FACTOR 114.-37.9-50. COMES I N T O   P I C T U R E .  

ATTN  OF  ACTUAL  SIGNAL ( I N  CH A) WAS A l + A 2   d B  
ATTN  OF  REF.   SIGNAL ( 1800 C O U W   I N  CH B )  WAS 5. d B  
DURING  DECODING  ATTN  A2 d B   O F  CH A WAS SUBSTRUCTED 
FROM AND ATTN OF 5. d B   O F  CH B WAS ADDED TO  THE  DATA , 
( i . e , - A 2 + 5 .   d B  ADDED). I N  OTHER WORDS A2-5. d B  I S  
INCORPORATED I N   S P L R   I N D I R E C T L Y .  SO THE  REMAINING 
A1+5. d B  OUT O F   A l + A 2   d B  
I S  ADDED T O   S P L R .  

AMPLIFICATION  DURING  CAL 
T E S T  WAS AMP(K) d B .  SO A 
BE ADDED TO  SPLR.  

CR( I)=FREQUENCY  RESPONSE 

C( I )=TF   AMPLITUDE OF THE 

( i . e ,  [Al+A2]- [A2-5 . ]=A1+5. )  

WAS 20. d B  AND DURING  ACTUAL 
FACTOR  OF  20.-A”(K) I S  TO 

OF B&K MIC  USED I N  CALIBRATION 

PROBE  MIC AT CENTERLINE 
WRT A  B&K  MICROPHONE. 

AC(   I )=AMPLITUDE  CALIBRATION  OF  PROBE  MICS 
WRT T H E   M I C  AT CENTERLINE 

P C ( I ) = P H A S E   C A L I B R A T I O N   O F   P R O B E   M I C S  WRT 
THE  MIC AT CENTERLINE ( INCLUDES  TAPE 
RECORDER  PHASE  CALIBRATION ) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DO 200 I = l , I B  
F(  I)=( I-1)*20. 
X=F( I) 
IF(I.LE.31)CR(I)=-5.33+.0318*X-.639E-O4*X*X 

IF(I.GT.31.AND.I.LE.51)CR(I)=O. 
IF(I.GT.51)CR(I)=-.O876+.229E-O3*X-.l72E-O6*X*X 

*+.181E-lO*(X**3)-.725E-l5*(X**4) 

*+.426E-O7*X*X*X 

200 CONTINUE 
C 
C ******** INpzpT DATA FROM D I S C  ********* 

I 
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C 

110 
130 

140 

240 

C 
C 
C 

4 10 

400 

ENCODE(13,140,FNAME)NRO,NPo 
OPEN(UNIT=9,NAME=FNAME,STATUS=’OLD‘) 
READ(9,13O)(C(I),I=l,IB) 
CLOSE(9) 
DO 360 NZ=I ,2 
DO 100 K=1,6 

FORMAT(213,‘SID.RDT‘) 
FORMAT(  10F8.3) 
NP 2= 1 @2+K 
NP4= 302+K 
IF(K.EQ.1)GO TO 240 
ENCODE(13,140,FNAME)NRO,NP2 
FORMAT(213,‘SW.CAL’) 

READ(9,130>(AC(I),I=l,IB) 
CLOSE( 9) 
ENCODE(13,14O,FNAME)NRlO,NP4 
OPEN(  TJNIT=9  ,NAME=FNAME , STATUS=  ‘OLD‘ ) 
READ(9,130)(PC(I),I=l,IB) 

CONTINUE 
ENCODE(  13,11O,FNAME)NR,NP2 
OPEN(  UNIT= 9, NAME=FNAME , STATUS-  ‘OLD’ ) 
READ(9,130)(AD(I>,I=l,IB) 
READ(9,130)(PD(I),I=l,IB) 
CLOSE( 9) 
IF(NZ.EO.1)GO TO 390 
NP8=NP8DtK*100 
ENCODE(13,110,FNAME)NR,NP8 

READ(9,130)(RAD(I),I=l,IB) 
READ(9,130>(RP!J(I>,I=l,IB) 
CLOSE( 9) 

SPLR=SPLRO-AMP(K) 

OPEN(UNIT=~,NAME=FNAME,STATUS=’OLD‘) 

CLOSE( 9 

OPEN(UNIT=~,NAME=FNAME,STATUS=’OLD’) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
RPD( l)=O. 
DA=(RAD(16)-RAD(11))/5. 
DO 410 I=1,15 
IF(INDX.E(!.O)RAD(I)=RAD( 16)*(1-1)/15. 
IF(INDX.EQ.~.AND.I.LT.~)RAD(I)=RAD(~)-(~-I)*DA 
CONTINUE 
DO 400 I=l,IB 
AD(I)=AD(I)-RAD(1) 
PD(I)=PD(I)-RPD(I) 
CONTINUE 
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390 

150 

170 

5 30 

5 20 

540 
180 
C 
C 
C 

190 

C 

C 
C 
C 

100 
C 
C 
C 

280 

CONTINUE 
DO 180 I=l,IB 
IF(K.NE.1)GO TO 150 

PH (K, I)=-PD( I) 

GO TO 170 
CONTINUE 
AM(K,I)=SPLR-AD(I)-c(I)-AC(I)-CR(I) 
PH(K,I)=-PD(I)-PC(I) 
CONTINUE 
PH(K,I)=PH(K,I)-PH~(I) 
COtnINUE 
IF(PH(K,I).LT.l80.)GO TO  520 
PH(K,I)=l?H(K,I)-360. 
GO TO 530 
CONTINUE 

PH(K,I)=PH(K,I)+360. 
GO TO 520 
CONTIME 
CONTINUE 

*** OUTPUT  DATA  STORED IN  DISC ****** 

AM(K,I)=SPLR-AD(I)-c(I)-CR(I) 

Wl(I)=PH(l,I) 

IF(PH(K,I>.GE.-~~~.>~O TO 540 

IF(NZ.EQ.Z)NP2=302+K 
ENCO~E(13,190,FNAME)NR,NP2 
FORMAT(213,‘COR.RIYT’) 
OPEN(UNIT=9,NAME=FNAME,STATUS=’NEW’) 
WRITE(9,130)(AM(K,I),I=lyIB) 
AM = ABSOLUTE  PRESSURE  AMPLITUDE,  dB 
WRITE(9,130)(PH(K,I),I=lyIB) 
PH = PHASE  DIFFERENCE  BETWEEN  PRESSURES  MEASURED 

AT A RADIAL  LOCATION  WITH  RESPECT TO THAT 
AT A REFERENCE  POINT  (AT  WALL) 

CLOSE ( 9) 
CONTINUE 

****** PRINTOUT OF  OUTPUT DATA ******** 
WRITE(6,320) 
IF( NZ .EQ. 1 )WRITE( 6 , 280)NR 
IF(NZ.EQ.2)WRITE(6,16O)NR 
FORMAT(lOX.’INCIDENT WAVE  AMPLITUDE  FOR 

* RlJN NO = ’ ,13//) 
* RUN NO = ’,13//) 

160 FORMAT(IOX,‘REFLECCEI-I WAVE AMPLITUDE FOR 

WRITE(6,290)(F(I),(AM(K,I),K=1,6),I=l,IR,5) 
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290 FOFMAT(Fl0.0,6F13.3) 
WRITE(6,320) 
IF(NZ.EQ.l)WRITE(6,2lo)NR 
IF(NZ.EQ.2)WRITE(6,37O)NR 

210 FORMAT(lH,lOX,'INCIDENT WAVE  PHASE FOR  RUN NO = ',13//) 
370 FORMAT(lH,lOX,'REFLECTED WAVE PHASE FOR RUN NO = ',13//) 

360 CONTINUE 

STOP 
END 

WRITE(6,290)(F(I),(P(K,I),K=1,6),I=1,IB,5) 

320 FORMAT( I H ~  ) 
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PROGRAM NAME : "MODAL.  FOR 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MODAL DECOMPOSITION PROGRAM FOR  SINGLE  STREAM 
DUCT-NOZZLE  SYSTEM  FOR  RADIAL  MODES. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 

C 
REAL MACH 

C 
CHARACTER FNAME* 13 

C 
COMMON/BKll/RMN( 151) 

C 
DATA PI/3.14159265/,GAM/1.402/,FA~/3.739675l/,JAY/(O.,l.)/ 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 

( A S S I G N E D   T O  MODAL.DAT) 

NR=RUN NUMBER 
NF=NUMBER OF  FREQUENCIES 
NRM=NlJMBER OF RADIAL MODES 
W D I J C T  RADIUS,   INCHES 
DELF-FREQUENCY BAND P E R  DATA P O I N T  
NPOS=NUMBER OF RADIAL  MEASUREMENTS 
INDX=l  ,DATA  TO  RE  STORED I N  FILE 
INDX1= 1 ,MODAL  POWER CALCULATED  USING  INGARD'S 

EXPRESSION 

READ(5,*)  NR,NE',NRM,RAT>,DELF,NPOS,INDX,INDXl """"""""""""""""""""- 
P O S ( I ) = r / R A D   F O R  I t h  MEASUREMENT P O I N T  'FROM  CENTERLINE 

READ(5 ,*) ( P O S ( 1 )  ,I=l ,NFOS)  """""""""""""- 
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C 
C 

280 

400 
C 

200 

240 

C 
C 
C 

PAMB=AMRIENT  PRESSURE, PSIA 
PT=TOTAL  PRESSURE,  PSIG 
PS=STATIC  PRESSURE,  PSIG 
TR=TOTAL  TEMPERATURE,  F 

READ(5,*)PAMB,PT,PS,TR 
""""""""""" 

RMN( 1 )=O. 
RMN(2)=3.83 
RMN(3)=7.02 
RMN(4)=10.13 
HH=POS(  2)-POS( 1) 
RAD=RAD/ 12. 
no 280  I=l,NPOS 
DO  280 J=l ,NRM 
Xl=RMN(  J)*POS( I) 
CALL BES12(Xl,AJO,AJl,O) 

CONTINUE 
DO 400 I=l ,NF 
FRQ( I)=( I-i)*DELF 
CONTIrn 

RESO(I, J)=AJO 

DO 190 NZ=l,2 

NZ=l , INCIDENT  PRESSURE  FIELD 
=2, REFLECTED  PRESSURE  FIELD 

****TO  READ  PRESSURE  AMPLITUDE & PHASE  FROM  DATA FILES**** 

DO 170  J=l , W O S  
NP=102+J+(NZ-1)*200 
ENCODE(13,200,FNAME)NR,NP 
FORMAT(213,'COR.RDT') 

REAn(9,24O)(PRESA(I),I=l,NF) 
READ(9,240)(PRESP(I),I=l,NF) 

FORMAT(lOF8.3) 
PRESA( 1 )=PRESA(  2) 
PRESP(  1)=PRESP(2) 

OPEN(UNIT=~,NAME=FNAME,STATUS='OLD') 

CLOSE( 9 )  

*****CONVERTION  OF PRESSURE  DATA  INTO  COMPLEX  FORM***** 

no 100 I=l,NF 
ACA=PRESA(I) 
ACP=PRESP(I)*PI/180. 
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100 
170 

c 
c 
C 
C 
C 
C 
C 
c 

C 
C 
C 

5 00 

3 20 
36 0 

ACA=lO.**(ACA/20.) 

CACP=COS(ACP) 
SACPS IN( ACP) 
ACP=ACA*SACP 
ACA=ACA*CACP 

CONTINUE 
CONTINUE 

********* EVALUATION  OF VARIOIJS PARAMETERS ******* 
MACH=DUCT MACH NUKBER 
T.S=STATIC  TEMPERATURE IN THE DlT(JT, R 
CNOT=S@NIC  SPEED,  FT/SEC. 
RC=PRODlJCT  OF  DENSITY & SONIC  SPEED,  SLUG/(FT*FT*SEC) 

WL( J , I)=ACA 

PCOMX(J,I)=CMPLX(ACA,ACP) 

G(GA"1.)/2. 
GI=1 . / G  

PR=PT-PS 
PSA=PS+PAMR 

C,ACI= (GAM- 1 . )/GAM 

MACH=SQRT(((~.+PR/PSA)**GACI-~.)*GI) 
IF(NZ.EQ.~)MACH=-~~~ACH 
BETA= 1 ."ACH*MACH 
AMACH2=MACH*MACH 
TS=(TR+460.)/(1.+G*AMACH2) 
CNOT=49.0166*SQRT(TS) 
RC=GAM*PSA*l44./CNOT 
PI~=RETA*BETA*PI/RC 

****** EVALUATION  OF  AREA  WEIGHTED  PRESSURE & POWER 

ARW=~O.*ALOC,~O((~.+MACH)*(~.+MACH)*RAD*RAD*PI/RC) 
DO 500 1=1 ,NF 
ARWA(NZ,I)=O. 
ARWP(NZ,I)=O. 
CONTINUE 
DO 360 J=l,NPOS 
DAJ~((POS(J+1)-POS(J-l))*(PoS(J-~)+POS(J+l)+2.*POS(J)))/4. 
I~(J~~~~NP~S)DAJ~1~-(POS(J)+POS(J-1))*(POS(J)+POS(J-l))/4. 
iF(J.EO.l)DAJ=(POS(J)+POS(J+1))*(POS(J)+POS(J+l))/4. 
DO 320 I=l,NF 
ARWA(NZ,I)=ARWA(NZ,I)+AMPL(J,I)*DAJ 
CONTINIE 
CONTINUE 
DO 330 I=l,NF 
ARWA(NZ,I)=20.*ALOGlO(ARWA(NZ,I)) 
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.. .... . , . ”” ~ 

330 
C 
C 
C 

430 

42 0 

450 

960 
C 
C 
C 

ARWP(NZ,I)=ARWA(NZ,I)+ARW+FACT 
CONTINUE 

*****EVALUATION OF POWER BY VARIOUS  MODES****** 

DO 410 I=l,NF 

X1=2 .*PI*FREQ/CNOT 

DO 420 IRM=l,MZM 
DO 430 IPOS=l,NPOS 

FREQ=FRQ(I) 

IF(X~.EQ.O. )xl=.ool 

EPS=PCOMX(IPOS,I>*BESO(IPOS,IRM)*POS(IPOS) 
PRE~(IPOS)=REAL(EPS) 
PRE2(IPOS)=AIMAG(EPS) 
CONTINUE 
CALL QSF(HH,PREl,ZA,NPOS) 
CALL QSF(HH,PRE2,ZB,NPOS) 
D(NZ,IRM)=2.*CMPLX(ZA,ZB)/((BESO(NPOS,IR))**2.) 

CONTIrn 

W(NZ,l,I)=PI1*((CABS(D(NZ,l))*RAD/(1.-MACH))**2.) 
WI(NZ,l,I)=W(NZ,l,I) 
DO 45 0 IRM= 2 ,NRM 

X&BETA*X3/XI*X3/Xl 
EP=SQRT(ARS(l.-X4)) 
IF(X4.CX.1.)  EP=O. 
X2=(CAsS(n(NZ,IRM))*RAD*RESO(NPOS,IRM)/(l.-MA~*EP))**2. 
WI(NZ,IRM,I)=X2*EP*PI1 
W(NZ,IRM,I)=W(NZ,IR”1,I)+X2*EP*PI1 
CONTINLTE 
GO TO 970 
CONTINUE 

PCOFF(NZ,IRM,I)=D(NZ,IRM) 

IF(INDX~.EQ.~)GO TO 960 

X3=RMN(IRM)/RAD 

DO 980 IRM=l ,NRM 
X3=RMN(IRM)/RAD 
X&BETA*X3/Xl*X3/Xl 
EP=SQRT(ABS(l.-X4)) 
IF(X4.GT.l.)EP=O. 
AKMN=-Xl*  (EP-MAC‘H) /BETA 
TEEtMl=BETA*(l.+AMACH2*3.)*AKMN/(2.*Xl*RC) 
TERM2=MACH*(l.+AMAC2)/RC 
TERM3=MACH*BETA*BETA*AKMN/Xl*AKMN/(2.*Xl*RC) 
PW1=2.*PI*(-TERMl+TERM2+TERM3)*((CABS(D(NZ,IRM))* 

*BESO(NPOS,IRM)*RAD)**2) 
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980 
970 
410 
190 

47 0 

910 

900 

670 

920 

480 

IF(EP.EQ.O.)PWl=O. 
WI(NZ,IRM,I)=PWl 
IF(IRM.EQ.~)W(NZ,IRM,I)=PW~ 
IF(IRM.GT.~)W(NZ,IRM,I)=W(NZ,IR"~,I)+PW~ 
CONTINUE 
CONTINUE 
CONTIrn 
CONTINUE 
DO 470 I=l,NF , 

DO 470 J=l,NRM 
W(3,J,I)=W(l,J,I)-W(2,J,I) 
W1(3,J,I)=WI(l,J,I)-WI(2,J,I) 
CONTINUE 
IcH= 1 
DO 480 1=1 ,NF 
DO 480 K=1,3 
DO 480 J=l ,NRM 
NEx= 2 
IM= I 
CONTINUE 
IF(W(K,J,I).GT.O.)GO TO 900 
IM=IM+(-l)**NEX 
IF(IM.GE.NF)NEX=~ 
W(K,J,I)=W(K,J,IM) 
IF(IM.LE. ~>w(K,.J,I)=.ooo~ 
GO TO 910 
CONTINUE- 
W(K,J,I)=~O.*ALOG~O(W(K,J,I))+FACT 
IN= I 
I\JEY=2 

IF(WI(K,J,I).EQ.O.)ICH=I+1 

CONTINUE 

IN=IN+( -1 )**NEY 

IF(I.GT.ICH)GO TO 670 

IF(WI(K,J,I).EQ.O.)GO TO 480 

IF(WI(K,J,I).GT.O.)CO TO 920 

IF(IN.GE.NF)NEY=~ 
WI(K,J,I)=WI(K,J,IN) 
IF(IN.LE.~)WI(K,J,I)=.OOO~ 
GO TO 670 
CONTINUE 
WI(K,J,I)=~~.*ALOG~~(WI(K,J,I))+FACT 
CONTIN[TE 
DO 490 1=1 ,NF 
DO 490 J=l,NRM 
RC€'(J,I)=W(2,J,I)-W(l,J,I) 
RCPI(J,I)=WI(2,J,I)-WI(l,J,I) 
RCL=CABS(PCOFF(2,J,I)/PCOFF(l,J,I)) 
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490 

510 

9 40 

930 

95 0 
C 
C 
C 

IF(RCL.LE.O.)RCLF.OOI 
RCIND(J,I)-2O.*ALOGlO(RCL) 
CONTINUE 
DO 510 I=l,NF 
RCAW(I)=ARWA(2,I>-ARWA(l,I) 
POWr(I)=lO.**(ARWP(1,I)/1O.)-lO~**(ARwp(~,I)/1o~) 
CONTINUE 
DO 950 I=l,NT 
NEZ= 2 
IZTI 
CONTINUE 
IF(POW(I).GT.O.)GO TO 930 
IL=IL+( -1 )**NEZ 
IF(IL.GE.NF)NEZ=~ 
POW(I)=POWT(IL) 
IF(IL.LE.~)POW(I)=.OOO~ 
GO TO 940 
CONTINUE 
ARWP(3,I)=10.*ALOG10(POWT(I)) 
CONTINUE 

**********PRINT  OUTPUT ********* 
WRITE(6,140)NR 
WRITE(6,540) 
WRITE(6,340) 
WRITE(6,5~0)(FRQ(I),(W(1,J,I),J=l,~),ARWP(l,I),I=l,NT,5) 
WRITE( 6,150)~~ 
WRITF,(6,540) 
WRITE(6,340) 
WRITE(6,590) (FRQ(I),(W(2,J,I),J=l,NRM),ARWP(2,1),1=1,W,5) 
WRITE(6,160)NR 
WRITE(6,540) 
WRITE(  6,340) 
WRITE(6,590) (FRQ(I),(W(3,J,I),J=l,NRM),ARWP(3,1),1=1,NF,5) 
WRITE(  6,140)NR 
WRITE(6,530) 
WRITE(  6,35 0 )  
WRITE(6,58O)(FRQ(I),(WI(1,J,I),J=l,~),I=l,NF,5) 
WRITE(6,15O)NR 
WRITE(6,530) 
WRITE(  6,35 0 )  
WRITE(~,~~~)(FRQ(I~,(WI(~,J,I),J=~,NRM),I=~,~~,~~ 
WRITE(  6,160)NR 
WRITE(6,530) 
WRITE(  6,350) 
WRITE(6,580)(FRQ(I),(WI(3,J,I) ,J=1,NRM),I=l,NF,5) 
WRITE(6,770)NR 
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WRITE(6,540) 
WRITE(  6,340) 
WRITE(6,590)(FRQ(I),(RCP(J,I),J=l,~),RCAW(I),I=l,~,5~ 
WRITE(6,770)NR 
WRITE(6,530) 
WRITE(  6,35 0 )  
WRITE(6,580)(FRQ(I),(RCIND(J,I),J=l,NRM),I=l,NJ?,5) 

770 FORMAT(1H1,//,1OX,'REFLECI'ION COEFFICIENT,  RUN  NO = ',13//) 
140 FORMAT(1H1,//,1OX,'INCIDENT POWER,  RUN  NO = ',13//) 
150 FORMAT(lHl,//,lOX,'REFLECl'ED POWER,  RUN  NO = ',13//) 
160 FORMAT(lHl,//,lOX,'TRANSMITTED POWER,  RUN  NO = ',13//) 
590 FORMAT(Fll.O,5F11*3) 
580 FoRMAT(F11.0,4F11.3) 
530 FORMAT(lOX,'INDIVIDUAL  MODAL  POWER',//) 
540 FORMAT(  lOX,'SUCCESSIVE  SUMMATION  OF  MODAL  POWER' ,//) 
340 FORMAT(lX,'FREOUENCY,HZ',2X,'A=(O,0)',4X,'B=A+(O,l)' 

350 FORMAT(lX,'FREQUENCY,HZ',3X,'(O,O)',7X,'(O,l)',6X, 
*,2X,'C=R+(0,2)',2X,'D=C+(0,3)',2X,'AREA WEIGHTED',//) 

*'(0,2)',6X,'(0,3)',//) 
IF(INDX.NE.1)GO TO 800 

C 
C ******** OUTPUT  STORE  IN  DISK  FILES *********** 
C K= 1 ; INCIDENT 
C '2; REFLEmED 
C  -3 ; TRANSMITTED 
C 

NP= 109 
ENCODE(13,700,FNAME)NR,NP 

OPEN(  UNIT= 9, NAME=FNAME , STATUS= ' NEW' ) 
DO  710 K=1,2 
WRITE(9,240)(ARWA(K,I),I=l,NF) 

700 FORMAT(213,'PRS.RDT') 

C  ARWA = AREA-WEIGHTED  PRESSURE 
710 COmINUE 

 CLOSE(^) 
ENCODE(13,730,FNAME)NR,Nl? 

730 FORMAT(213,'POW.RDT') 
OPEN(UNIT=~,NAME=FNAME,STATUS='NEW') 
DO  720  K=1,3 
WRITE(9,24O)(ARWP(K,I),I=l,NF) 

C  ARWP = AREA-WEIGHTED  POWER 
720 CONTINUE 

DO 810 K=1,3 
DO 810 J=l,NRM 
WRITE(9,240)(W(K,J,I),I=l,NF) 

C W = SUCCESSIVE  SUMMATION  OF  MODAL  POWER 
810 CONTINUE 

DO 820 K=1,3 
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C 
820 

830 

C 

C 
C 
840 

C 
C 
850 

C 
C 
86 0 

800 

DO 820 J=l,NRM 
WRITE(9,24O)(WI(K,J,I),I=l,NF) 
W I  = I N D I V I D U A L  MODAL POWER 
CONTINUE 

ENCODE(13,830,FNAME)NR,NP 
FORMAT(213,’RCS.RDT‘) 
OPEN(UNIT=9,NAME=J?NAME,STATUS=’NEW’) 
WRITE(9,240)(RCAW(I),I=l,NF) 
RCAW = AREA-WEIGHTED  REFLECTION  COEFFICIENT 
DO 840 J=l,NRM 
WRITE(9,240)(RCIND(J,I),I=l,NF) 
RCIND = INDIVIDUAL MODAL R E F L E C T I O N   C O E F F I C I E N T  

CONTINUE 
DO 850 J=l,NRM 
WRITE(9,24O)(RCP(J,I),I=l,NF) 
RCP = SUCCESSIVE SUMMATION OF MODAL R E F L E C T I O N  

CLOSE( 9) 

EVALUATED  USING  COMPLEX  PRESSURE  COEFFICIENTS 

COEFFICIENT  EVALUATED  USING MODAL POWER 
CONTINUE 
DO 860 J=l ,NRM 
WRITE(9,240)(RCPI(J,I),I=l,NF) 
R C P I  = INDIVIDUAL MODAL R E F L E C T I O N   C O E F F I C I E N T  

EVALUATED  USING MODAL POWER 
CONTINUE 
CLOSE( 9 )  
CONTINUE 
STOP 
EM)  
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C 

c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 

S U B R O U T I N E   B E S l 2 ( X X , A J O , A J l , N )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CALCIJTATES  BESSEL  FUNCTIONS  OF  ZERO AND F I R S T  
ORDER  FOR  REAL  ARGUMENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
XX = R E A L   P O S I T I V E  OR NEGATIVE ARGUMENTS 
A J O  = ZERO  ORDER  BESSEL  FUNCTION 
A J 1  = F I R S T  ORDER  RESSEL  FUNCTION 
N = 0,  CALCULATES ONLY A J O  

= 1, CALCULATES  BOTH  AJO AND A J 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
X=ARS(XX) 
I F ( X . G T . 3 ) G O   T O  200 
X l = X / 3 .  
x2= x1 *x 1 
x4= x2*x2 
X6=X4*X2 
X8=X4*X4 
x1 O=X8*X2 
X12=X6*X6 
AJO=1.-2.2499997*X2+1.2656208*X4-.3163866*X6 

*+.0444479*X8-.0039444*X1~.00021*X12 
I F ( N . E Q . ~ ) R E T U R N  
AJl=.5-.56249985*X2+.21093573*X4-.03954289*X6 

*+~00~43319*X8-.00031761*X10+.00001109*X12 
A J  1= X*AJ 1 
I F ( X X . L T . O . ) A J ~ = - A J ~  
RETURN 

200 CONTINUE 
XC=SORT(X) 
x1=3./x 
x2=x1*x1 
x3=x2*x1 
x4=x3*x1 
x5= x4*x 1 
Xfl=~Y5*X1 
F~.79788456-.00000077*X1-.0055274*X2-.00009512*X3 

*+.00137237*X4-.00072805*X5+.000144476*X6 

*-.00054125*X4-.00029333*X5+.00013558*X6 
T0~X-.78539~16-.04166397*Xl-.OOOO3954*X2+.00262573*X3 

AJO=FO/X~*COS(TO)  
IF (N.EO.~)RETURN 
F1~~79788456+~00000156*X1+~01659667*X2+~00017105*X3 

*-.00249511*X4+.00113653*X5-.00020033*X6 
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T1~X-2.35619449+.124996i2*X1+.0000565*X2-.00637879*X3 
*+.00074348*X4+.00079824*X5-.00029166*X6 
AJ~=F~/XO*COS(T~) 
IF(XX.LT.O.)AJI=-AJ~ 
RETURN 
END 
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C 
SUBROUTINE  QSF(H,Y,Z,NDIM) 

C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO  COMPUTE  THE  INTEGRAL OF A  GIVEN  TABLE OF 
SIX  OR  MORE  EQUIDISTANT  VALUES 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

H = INCREAMENl' OF ARGUMENT VALUES 
Y = INPUT  TABLE  OF  FUNCTIONAL  VALUES 
Z = RESULTING  INTEGRAL 
NDIM = DIMENSION OF Y 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DIMENSION Y( 1) 

C 
HT=H/3. 
IF(NDIM.LE.5)GO TO 800 

SUMl=SUMl+SUMl 
SUMl=HT*(Y(l)+SUMl+Y(3)) 
AUXl=Y(  4)+Y( 4 )  
AlJXl=AUX1+AIJX1 
AUXl=SUMl+HT*(Y(3)+AUXl+Y(5)) 
AUX2=HT*(Y(1)+3.875*(Y(2)+Y(5))+2.625*(Y(3)+Y(4))+Y(6)) 

suM2=suM2+s1JM2 
SUM2=AIJXX-HT*(Y(4)+SUM2+Y(6)) 
AUX=Y ( 3 )+Y ( 3 ) 
AUX=AUX+AUX 
IF(NDIM.LE.6)GO TO 500 

SuMl=Y(  2)+Y(  2) 

SuM2=Y(5)+Y(5) 

C 
C 
C 

400 
5 00 

600 

*** INTEGRATION  LOOP **** 
DO 400 1=7,NDIM,2 
SUMl=AUXl 
SUM2=AUX2 
AUXl=Y( 1-1 )+Y( 1-1) 
AIJXl=AUXl+AUXl 
AUXl=SUMl+HT*(Y(1-2)+AUXl+Y(I)) 

AUX2=Y(  I)+Y( I) 
AUX2=AUXZ+AUX2 
AUX2=SUM2+HT*(Y(I-l)+AUX2+Y(I-l)) 
CONTINITE 
Z=AUX  2 
RETURN 
ZiAUX1 

IF(I.GE.NDIM)GO TO 600 
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RETURN 
800 WRITE( 6,100) 
100 FORMAT( IH, ’ERROR I N  QSF. NUMBER OF POINTS < 6‘ ,//) 

RETURN 
END 

e 
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B.2.2 Radial  and  Azimuthal Modal Decomposition  for  Annular 
S t ream Duct-Nozzle  System 

(1) AIDCOR: This  program i s  used t o   e v a l u a t e   a b s o l u t e  sound 
p res su re   l eve l   and  relative phase of t he   i nc iden t   and   t he   r e f l ec t ed  
p res su re   f i e lds   measu red  a t  var ious   rad ia l   and   az imutha l   loca t ions .   The  
i n p u t   t o   t h e   p r o g r a m   c o n s i s t s  of t he   complex   r e f l ec t ion   coe f f i c i en t   and  
t h e  complex t r a n s f e r   f u n c t i o n  of a r e f e r e n c e   d e l t a   f u n c t i o n   w i t h   r e s p e c t  
t o   t he   i nc iden t   p re s su re   fo r   va r ious   r ad ia l   and   az imutha l   measu remen t s .  

(2 )  MODANlT: T h i s  is  the   r ad ia l   and   az imutha l  modal decomposition 
program  for   annular  stream duct-nozzle  system. The program  computes 
e i t h e r   t h e   i n c i d e n t   o r   t h e   r e f l e c t e d   a c o u s t i c   p a r a m e t e r s .   T h e s e  
parameters   include  the  area-weighted  pressure,   area-weighted  acoust ic  
power,   individual  modal a c o u s t i c  powers  and  successive  summation  of  the 
modal  powers.  Input t o   t h e  program  includes  the  output  of AInCOR and 
o the r   pa rame te r s   de f ined   i n   t he   p rog ram  l i s t i ng .  

INVERT: This   sub rou t ine   t o  program MODANU i s  u s e d   t o   i n v e r t  a 
complex  matrix. 

RESLJY: Th i s   sub rou t ine   t o  MODANU i s  u s e d   t o   c a l c u l a t e  Ressel 
f u n c t i o n s  of f i r s t  and  second  kinds  for   real   arguments .  

( 3 )  REFTRA: This  program i s  used to  e v a l u a t e   r e f l e c t i o n   c o e f f i c i e n t  
and t r a n s m i t t e d  power. I n p u t   t o   t h i s  program c o n s i s t s  of the  output  of MODANU 
f o r   b o t h   i n c i d e n t   a n d   r e f l e c t e d   p r e s s u r e   f i e l d s .  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM; A I  DCOR. FOR 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T O  EVALUATE  THE  ABSOLUTE SOUND PRESSURE  LEVEL 
O F   I N C I D E N T  AND R E F L E C T E D   P R E S S U R E   F I E L D S  
U S I N G   T H E   R E F L E C T I O N   C O E F F I C I E N T  DATA AND THE 
TRANSFER  FUNCTION  OF  THE  REFERENCE  DELTA 
FUNCTION  WITH  RESPECT  TO  THE  INCIDENT  PRESSURE 
FOR AN ANNULAR  STREAM DUCI"N0ZZLE  SYSTEM,INDUCT 
PRESSURE  F IELD  MEASURED  USING A MULTI-POINT  PROBE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 
CHARACTER  FNAM?* 13 

c 
C 
C 

C 
C 

R E A D ( 5 , * ) I N D X , N P 8 0 , A l , M I  

INDX=O, NO MEA!! FLOW 

NFRCkNO  OF  POINTS  ROTATED  BETWEEN  INCIDENT & REFLECTED 
WAVES TO  EVALUATE  REFLECTION  COEFFICIENT +200 

Al=  ATTENUATION  ON  CHANNEL A DURING  AVERAGING 
AMPI=  AMPLIFICATION  OF  INDUCT  PROBE  MICROPHONES 

""""""""""""" 

= 1, WITH MEAN FLOW 

I B = 5 0 1  
NR0=855 
N R 1 = 9 9 8  
w0=2 10 

IB=NUMBER  OF  DATA  POINTS  STORED PER FILE 
N R e R U N  NUMBER FOR  AMPLITUDE  CALIBRATION OF T H E  

REFERENCE  PROBE  MICROPHONE  WITH  RESPECT  TO A 
STANDARD  B&K  MICROPHONE 

NRl=RUN NUMBER FOR  TAPE  RECORDER  PHASE  CALIBRATION 
NPO=THREE D I G I T  NUMBER A S S I G N   A F T E R  NRO T O  NAME THE 
AMPLITUDE  CALIBRATION  DATA FILE 

114. d B  (WITH 25 .+25  .=50. d B  ATTN)   WITH  RESPECT  TO 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
c 

18 00 LINEAR COUNT (WITH 5 d B  ATTN) READS -37 -9; 
THEREFORE A FACTOR 114.-37.9-50. COMES INTO  PICTURE;  

ATTN  OF  ACTUAL  SIGNAL ( I N  CH A) I S  A l + A 2   d B  
ATTN  OF  REF.   SIGNAL (1800 COUNT I N  CH B) I S  5. d B  
DURING  DECODING'ATTN  A2.   dB  OF CH A WAS SUBSTUCTED 
FROM AND ATTN  OF 5. d B  OF CH B WAS ADDED TO THE DATA, 
( i . , e , - A 2 + 5 ,   d B  ADDED). I N  OTHER WORDS A2-5. d B  I S  
INCORPORATED I N   S P L R   I N D I R E C T L Y .  SO THE  REMAINING 
A1+5. d B  OUT OF  A1+A2 d B  (i. ,e., [Al+A2]-[A2-5  .]=A1+5 .) 
I S  AJIDED TO  SPLR.  

AMPLIFICATION  DURING CAL WAS 16. dR AND DURING  ACTUAL 
T E S T  WAS AMP1  dB.  SO A FACTOR  OF 16.-AMPI I S  h D E D   T O   S P L R  

C(I )=TF  AMPLITUDE  OF  THE  PROBE  MIC AT  OUTER  WALL 
WRT A  B&K  MICROPHONE. 

FT(JL , I )=PHASE  CALIBRATION  OF   THE  TAPE  RECORDER 
CHANNELS  USED  FOR  PROBE M I C S  WRT THE 
PRORE  MIC CHANNEL FOR DUCT OUTER WALL 

AC(  I )=AMPLITUDE  CALIBRATION  OF  PROBE  MICS 
WRT THE  MIC AT OUTER WALL 

PC( I )=PHASE  CALIBRATION  OF   PROBE  MICS WRT 
THE  MIC AT OUTER WALL 

CR(I)=FREQUENCY  RESPONSE  OF A 1 / 2  INCH B*K MIC. 

DO 200 1=1 , I B  
F( I)=( 1-1)*20. 
X l = F (  I )  
x2=x1*x1 
x3=x2*x 1 
x4=x2*x2 
IF(I.LE.31)CR(I)=-5.33+.0318*X1-.639E-O4*X2 

IF(I.CT.3l.AND.I.LE.5l)CR(I)=O. 
IF(I.~.51)CR(I)=-.O876+.229E-O3*Xl-.l72li"O6*X2 

*+.426E-O7*X3 

*+.181E-lO*X3-.725E-l5*X4 
200 CONrIlrTTE 

C 
C *** INPUT DATA FROM D I S C  ******* 
C *** ANT, OUTPUT  STORED I N  DIDC **** 
C 

ENCODE(13,140,FNAME)NRO,NPO 
OPEN(   UNIT=9  ,NAME=FNAME ,STATUS= 'OLD' ) 
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C 
C 
c 
C 

510 
110 

120 

130 

140 

240 

READ(9,130)(C(I),I=l,IB) 
CLOSE( 9) 
READ(5,*)(NR(K),K=1,6) 

NR(K)RUN NUMBER  ASSOCIATED  WITH ONE AZIMUTHAL 
ME A SIREME NT 

DO 100 J=1,6 
NF1= 102+J 
ENCODE(  13,510,FNAME)NRl  ,NP1 
FORMAT(213,'TAP.CAL') 
FORMAT( 213, 'AIT).RDT' ) 
OPEN(UNIT=9,NAME=FNAME,STATUS='OLD') 
DO 120  K=1,2 
READ(9,130)(PT(I),I=l,IB) 
CONTINUE 
CLOSE( 9) 
FORMAT(  10F8.3) 
NR2=848+J 
NP2=223+10*J 
NP4=423+10*J 
IF(J.EQ.1)GO TO 240 
ENCODE(13,140,FNAME)NR2,NP2 
FORMAT(213,'SMT.CAL') 
OPEN(UNIT=9,NAME=FNAME,STATUS='OLD') 
READ(9,130)(AC(I),I=l,IB) 

ENCODE(13,140,FNAME)NR2,NP4 
OPEN(UNIT= 9, NAME=FNAME  ,STATUS= 'OLD' ) 
READ(9,130)(PC(I),I=l,IB) 
CLOSE(9) 
CONTINUE 
DO 360  NZ=1,2 
DO  160  K=l,h 

NP3= 102+J 
IF(NZ.FO.2)NP8=NPSO+J*l00 
ENCODE(13,110,FNAME)NR3,NP3 

REA?3(9,130)(AD(I),I=l,IB) 
REA~(9,130)(P~(I),I=l,IB) 
CLOSE(  9) 
IF(NZ.EQ.1)GO TO 390 
ENCODE(13,110,FNAME)NR3,NP8 

REAn(9,130)(RAD(I),I=l,TFJ) 
READ(9,130)(RPD(I),I=1,IB) 
CLOSE( 9) 

""""""""""" 

CLOSE( 9) 

NR3=NR(K) 

OPEN(UNIT=~, NAME=FNAME, STATUS='OLD' 

OPEN(UNIT=~,NAME=FNAME,STATUS='OLD') 
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410 

400 
390 

15 0 

170 

5 30 

520 

540 
180 

190 

C 

C 
C 
C 
C 

160 

RPD(  l)=O.. 
DA=(RAD(16)-RAD(11))/5. 
DO 410 I=1,15 
IF(INDX.EQ.O)RAD(I>=~(16)*(1-1)/15.  
IF(INDX.EQ.l.AND.I.LT.9)RAD(I)=RAD(9)-(9-1)*DA 
CONTINUE 
DO 400 I=l ,IB 
AD(I)=AD(I)-RAD(I) 
PD(I)=PD(I)-RPD(I) 
CONTINUE 
CONTINUE 
DO 180 I=l,IP 

IF(J.NE.1)GO TO 150 
rnl=PT(I) 

AM(K,I)=SPLR-AT)(I)-C(I)-CR(I) 
PH(K,I)=PT~-PD(I) 
IF(K.EQ.~)PH~(NZ,I)=PH(~,I) 
GO TO 170 
CONTINUE 
AM(K,I)=SPLR-AD(I)-c(I)-AC(I)-CR(I) 
PH(K,I)=FT~-PD(I)-PC(I) 
corn INUE 
PH(K,I)=PH(K,I)-PH~(NZ,I) 
CONT INLTE 
IF(PH(K,I).LT.l80.)GO TO 520 
PH(K,I)=PH(K,I)-360. 
GO TO 530 
CONTINUE 
IF(PH(K,I)  .GE.-180.)GO TO 540 
PH(K,I)=PH(K,I)+360. 
GO TO 520 
CONTINUE 
CONT INm 
IF(NZ.EQ.2)hT3=302+J 
ENCODE(13,190,FNAME)NR3,NP3 
FORMAT(213,'COR.RDT') 
OPEN(UNIT=9 ,NAME=FNAME,STATUS='NEW' ) 
WRITE(9,130)(AM(K,I),I=l,IB) 
ABSOLUTE  PRESSURE  LEVEL, dB 
WRITE(9,130)(PH(K,I),I=l,IR) 
PH = PHASE  DIFFERENCE  BETWEEN  PRESSURES  MEASURED 

AT  A  SPATIAL  LOCATION  WITH  RESPECT TO THAT 
AT A  REFERENCE  POINT  (AT THE INNER  WALL  WITH 
ZERO  AZIMUTHAL  POSITION) 

CLOSE( 9) 
CONTINUE 
WRITE(6,320) 
WRITE(6,280)NP3 
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280 FORMAT(lOX,'AMPLITUDE FOR MIC NO = ',13//) 
WRITE(6,2~0)(F(I),(AM(K,I),K=l,6),I=1,IR,5~ 

290 FORMAT(F10.0,6F13.3) 
WRITE(6,320) 
WRITE(6,210)NP3 

210 FORMAT(lH,lOX,'PHASE FOR PROBE MIC NO = ',13//) 
WRITE(6,290)(F(I),(PH(K,I),K=l,6),I=l,IB,5) 

360 CONTINUE 
100 CONTINUE 
320 FORMAT( 1H1) 

STOP 
END 

344 



PROGRAM NAME : MOT)ANI!. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MODAL DECOMPOSITION PROGRAM FOR ANNULAR DUCT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I M P L I C I T  REAL*8 (A-H,O-Z) 
L O G I C A L   W I N D  
REAL*A MACH,MACH2 
CHARACTER FNAME* 13 

C 

C 

C 
C 
C 
C 
I; 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

INPUT DATA A S S I G N   T O   F O R 0 0 7   W I T H   F I L E  NAME ‘NRNO’ANLJ.DAT 

IDX1= 1, I N C I D E N T   F I E L D  

IDXZ=l   ,PRIKCOUT  FOR  EIGEN  VALUES AND MATRICES 

IDX3=1 ,PRIhTOUT  FOR POWER COEFF.  & POWER VALUES AT 

=2 , R E F L E C T E D   F I E L D  

=2 ,NO  PRINTOUT 

CERTAIN  FREQUENCIES 
=2,NO  PRINTOUT ................................................. 

NRNO=RUN NUMBER 
NR=NO OF  RADIAL  MEASUREMENTS 
NT=NO OF  AZIMUTHAL  MEASUREMENTS 
NM=NO O F  MODES ( W I A L + C I R C U M F E R E N C I A L )  
RA=RATIO  OF  INNER  TO  OUTER  DIAMETERS  OF COANNULAR  DUCT 
NFREQ=NO  OF  FREQUENCIES  POINT 
HH=FREQUENCY BAND P E R   P O I N T  
RAD=RADIUS  OF  THE  OUTER  DUCT,  INCH 

PAMB=AMBIENT  PRESSURE, P S I A  
PT-TOTAL  PRESSURE,   PSIG 
P S = S T A T I C   P R E S S U R E ,   P S I G  
TR=TOTAL  TEMPERATURE, F 

..................................................... 

I; ................................. 
C RPOS=RADIAL  MEASURENEm  POINTS  WITH  RESPECT TO 
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c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 
C 

OUTER  DUCT  RADIUS  MEASURED FROM CENTERLINE ............................................... 
TPOS=AZIMUTHAL  MEASUREMENT  POINTS  ,DEG. 

NR3=RUN NUMBER CORRESPOND  TO AN AZIMUTHAL  POSITION 

NMODES=MODES WITH  INCREASING  ORDER  OF  THEIR  VALUE, 

ZEROS=EIGEN  VALUES  (ALPHA NM) FOR 'NMODES' 
FREQ=CUT-ON  FREQUENCY  FOR  'NMODES',  HZ. 

NMODESl=MODES  WITH  INCREASING  VALUE  OF CUT-ON 

AZEROS=EIGEN  VALUES  (ALPHA NM) FOR  'NMODESl '  

......................................... 

................................................... 
FOR  EXAMPLE, ( 0 ,1 ) , (0 ,2 ) , (1 ,1 ) , (1 ,2 )  ETC. 

.............................................. 
FREQUENCY 

AFREQ=CIPT-ON  FREQUENCY FOR ' NMODESl ' , HZ. ............................................... 
R E A D ( 7 , * )   I D X l , I D X 2 , I D X 3  

READ(7,*)  NRNO,NR,NT,NM,BA,NFRQ,HH,M 

R E A D ( 7 , * )   P A M B , P T , P S , T R  

R E A D ( 7 , * )   ( R P O S ( I ) , I = l , N R )  

R E A D ( 7 , * )   ( T P O S ( I ) , I = l , N T )  

READ(7,*>(NR3(I),I=l,NT) 

"""""""""""" 

__"""_""""""""""""""" 
_""""""""""" 
"_"""""""""""" 
""""""""""""" 

READ(7 ,* )  (NMODES(I),ZEROS(I),FREQ(I),I=~,~) 

READ(7 ,* )  (NMODESl(I),AZEROS(I),AFREQ(I),I=1,~) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

"""""""""""" 

""_"""""""""""""""""""" 
"""""""""""""""""""""""" 

INPUT DATA  STORED I N   F I L E S  

PRESA=PRESSURE  AMPLITUDE,   dB 
PRESP=PHASE,  DEG. 

IF(IDXI.EQ.I)NPNP=~OO 
I F ( I D X l . E Q . 2 ) N P N P = 3 0 0  
NPPl=NPNP+g 
NPNF' AS 4 t h  5 t h  AND 6 t h  D I G I T   F O R  POWER FILE NAME 
NPPl AS 4 t h  5 th  AND 6 t h  D I G I T   F O R  AWT POWER FILE NAME 
DO 280 J=l ,NT 
DO 290 K = l  ,NR 
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270 

C 

C 
C 
C 

C 
C 
C 

2 90 
280 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

NP3= 102+K 
IF(IDXl.EQ.2)NP3=302+K 
L=(J-l)*NR+K 
ENCODE(13,270,FNAME)NR3(J),NP3 
FORMAT(213,'COR.RMT') 
OPEN(UNIT=~,NAME=FNAME,STATUSP'~LD'> 

READ(9,580)(PRESA(I,L),I=l,NFREQ) 

PRESA = ABSOLUTE  PRESSURE  AMPLITUDE,  dB 

READ(9,580)(PRESP(1,L),1=1,NFREQ) 

PRESP = RELATIVE  PRESSUR.E  PHASE , DEG 
CLOSE ( 9 )  
PRESA(lnL)=PRESA(2,L) 
PRESP(l,L)=PRESP(2,L) 
CONTINUE 
CONTINUE 

********* EVALIJATION OF VARIOUS  PARAMETERS ******* 
MACH=ANNULAR  DUCT MACH NUMBER 
TS=  STATIC  TEMPERATURE  IN  THE  DUCT,  R 
CNOT=SONIC  SPEED,  FT/SEC. 
RHOC=PRODUCT  OF  DENSITY & SONIC  SPEED,  SLUG/(FT*FT*SEC) 

RAD=RAD/  12. 
C+(GA"1.)/2. 
GI=~./G 
GACI=(GA"~.)/GAM 
PR=PT -PS 
PSA=PS+PAMB 

IF(IDXl.EQ.2)MACH=-MACH 
NEQ=NR*NT 
RV=( 1 . ,0.) 
AMACHz 1 "ACH*MACH 
AMACH2=SQRT( AMACH) 
MACH2=MACH*MACH 
TS=(TR+460.)/(  l.+G*MACH2) 
CNOT-49.0166*SQRT(TS) 
RHOC=GAM*PSA*144./CNOT 

****** EVALIJATION OF AREA  WEIGHTED  PRESSURE 8 POWER 

MACH=SQRT(((~.+PR/PSA)**GACI-~.)*GI) 

ARW=~O.*LOG~O((~.+MACH)*(~.+MA~)*RAD*RAD*(~.-BA*BA)*PI/RHOC) 
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190 

220 
210 
2 00 

230 
C 
C 
C 

110 

120 

DO 190 K=I ,NFREQ 

ARWP(K)=O. 
CONT  INIJE 

DO 210 J=l,NR 

ARWA ( K)= 0. 

DO 200 I=l,NT 

D A J = ( ( R P O S ( J - l ) - R P ~ S ( J + l ) ) * ( R P O S ( J - 1 ) + R O S ( J ) ) ) / 4 .  
I~(J.EQ.1)DAJ=1.-(RPOS(J)+RPOS(J+l))*(~OS(J)+~OS(J+l))/4. 
IF(J.EQ.~)DAJ~(RPOS(J)+RpoS(J-l))*(~OS(J)+RPOS(J-l))/4.-BA*BA 

DO 220 K=l,NFREQ 
AMP=lO.**(PRESA(KYL)/2O.) 
ARWA(K)=ARWA(K)+AMP*DAJ 
COrnINm 
CONTINUE 
CONTINUE 
DO 230 K= 1 ,NFREQ 
ARWA(K)=20.*LOClO(AA(K)/(NT*(1.-BA*BA)))  

L=(I-~)*NR+J 

ARWP(K)=ARWA(K)+ARW+FACT 
CONTINUE 

******* EVALIJATION OF EIGEN  VALUES ********** 
DO 110 J=l,NM 
ZEROS( J)=ZEROS(J)/BA 
AZEROS(  J)=AZEROS( J) /BA 
CONTINUE 
DO 120 J=2,NM 
M=DREAL(NMODES(J)) 
NMAX=M+3 
X= ZEROS ( J *RA 
CALL RESLJY(X,NMAX,YKIND,AJ,AY) 
AXJ=-AJ(M+2)+M*AJ(M+l)/X 
AXY=-AY(M+2)"N*AY(M+l)/X 
FAC(J)=AXJ/AXY 
CONTINUE 
DO  130  J=2,NM 

NMAX=M+3 
M=DREAL(NMODES~(J)) 

X=AZEROS( J)*RA 
CALL BESLJY(X,NMAX,YKIND,AJ,AY) 
AXJ=-AJ(M+2)+M*AJ(M+l)/X 
AXY=-AY(M+2)+M*AY(M+l)/X 
PHIB=AJ(M+~)-AXJ/AXY*AY(M+~) 
X=AZEROS( J) 

PHIA=AJ(M+~)-AXJ/AXY*AY(M+~) 
CALL BESLJY(X,NMAX,YKIND,AJ,AY) 

PA2=  PH  IA*PH  IA 
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130 

140 

160 
150 

170 

5 00 

410 
930 

430 
C 

420 

C 

PB2=PH  IB*PH  IB 
FACN(J)=PA2-RA*BA*PR2-((M/X)**2.)*(PA2-PB2) 
CONTINUE 
FACN( 1 )= 1 .-BA*RA 
DO 140 J=l,NM 
FACN(J)=FACN(J)*RAD/2.*RAD 
FAC( 1)=0. 
DO  150  I=l,NR 
DO  150  J=l,NM 
IF(J.EQ.~) GO TO 160 
M=DREAL(NMODES(J)) 
AX=ZEROS( J) 
X=AX*RPOS( I) 
NMAX=M+3 
CALL BESLJY(X,NMAX,YKIND,AJ,AY) 

GO TO  150 
COEF(I,J)=(AJ(M+~)-FAC(J)*AY(M+~)) 

COEF(I,J)=(~.,O.) 
CONTINIJE 
DO 170  I=l,NR 
DO 170  J=l,NM 

DO  170 LT=2,NT 

TPOSl(LT)=TPOS(LT)*PI/l80. 
SITM=TPOSl(LT)*JAY*M 

IF(IDX2.EQ.l)WRITE(6,500) 

IF(IDX2.EQ.1.~D.~.EQ.6)WRITE(6,4lO)((COEF(I,J),J=l,NM),I=l,NEQ~ 
IF(IDX2.EQ.l.A~.~.EQ.7)WRITE(6,93O)((COEF(IyJ),J=l,NM),I=l,NEQ) 
FORMAT( 1H ,6F12.5) 
FORMAT(  1H,7F12.5) 
DO 420 K=l,NM 
DO 420 L=1,NM 

DO 430  M=l,NEQ 

SUM=COEF(K,L) 
AB(K,L)=SUM 

IF(IDX2.EQ.l)WRITE(6,500) 
IF(IDX2.EQ.1.AM).NM.EQ.6)WRITE(6,4lO)((A(I,J),J=l,~),I=l,~) 
IF(IDX2.EQ.l.AND.NM.EQ.7)WRITE(6,93O)((A(I,J),J=lyNM),I=l,~) 
CALL INVERT(A,NM, 11) 
CALL CGJR(A,50,50,NM,MCYJC,RV) 
IF(IDX2.EQ.l)WRITE(6,500) 
IF(IDX2.EQ.1.AND.~.EQ.6)WRITE(6,4lO)((A(I,J),J=l,~),I=l,~) 

M=DREAL(NMODES( J)) 

LLT= ( LT-1 ) *NR 

COEF( I+LLT , J)=COEF( I, J)*COS(TPOS~ (LT)*M) 

FORMAT( 1 ~ 1 )  

Srnl=(O. ,O.) 

SUM=SUM+CONJG(COEF(M ,K) )*COEF(M,L) 

A(K,L)=SUM 
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7  40 
730 

C 
C 
C 

450 

470 
460 

490 

48 0 

520 

IF(IDX2.EQ.1 .AND.NM.EQ.7)WRITE(6 ,930) ( (A(I ,J ) ,J= l ,NM) , I= l ,~~  
DO 730 K=l,NM 
DO 730 LF1,NM 
SUM=( 0. ,0.) 
DO 740 M=l,NM 
SUM=SUM+A(K,M)*AB(M,L) 
CONTIrn 
ARC(K,L)=SUM 
IF(IDX2.EQ.l)WRITE(6,500) 
1F(1DX2.EQ.1.A~.~.EQ.6)WR1TE(6,410)((ABC(1,J),J=1,~),1=~,~) 
IF(IDX2.EQ.1.AND.NM.EQ.7)WRITE(6,930)((ABC(I,J),J=l,~),I=l,~~ 

***** EVALUATION OF POWER BY VARIOUS  MODES *** 
IFQ= 1 
OMEGA=-HI1 
DO 440 IFREQ=l,NFREQ 
OMEGA=OMEGA+HH 
AKA=2.*PI/CNOT*OMEC,A 
IF(AKA.EQ.O.)AKA=.OO~ 
FRD(IFREQ)=OMEGA 

AMP=PRESA( IFREQ , IJ) 
AMP=lO.**(AMP/20.) 

AMPR=AMP*COS(PHA) 
AMPI=ANP*SIN(PHA) 
PRES( IJ)=DCMPLX(AMPR,AMPI) 

DO 450 IJ=l,NEQ 

PHA=PRESP(IFREO,IJ>*PI/l80. 

DO 460 K=l,NM 
SUM=(O.DOO,O.DOO) 
DO 470 M=l ,NEQ 
SUM=SUM+CONJG(COEF(M,K))*PRES(M) 
B(K)=SUM 
DO 480 K = l , N M  

DO 490 M=1,NFr 
SlJM=(O. ,o. 1 

SUM=SUM+A(Y,M)*B(M) 
PRES(K)=SUM 
PCOMX(IFREO,K)=PRES(K) 
COIVTINUF 
NpOWER=0 
DO 520 J=l,NM 
AROOTS=AZEROS(J)/RAI)*AMACH2 
IF(AKA.GE.ARO0TS) NPOWER=J 
CONTINUE 
SuMl=0. 
DO 530 J=1 ,NPOWER 
EPS= 1. 
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IF(J.EQ.l)  EPS=2. 
AKMN=SQRT(AKA*AKA-(AMACH*((AZEROS(J)/RAD)**2.))) 
AKMN=(AKA*MACH-AKMN)/AMACH 
TERMl=AMqCH*(l.~CH2*3.)*AKMN/(2.*AKA*RHOC) 
TERM2=MACH* (l.OSEIACH2)  /RHOC 
TERM3=MACH*AMACH*AMACH*AKMN/AKA*AKMN/(AKA*2.*RHOC) 
PWl=(ABS(PRES(J))**2.)*FACN(J)*EPS*PI 
l*(-TERMl+TERM2+TERM3)*2 
IF(PWI.LE.O.)GO TO 390 
PWIND(IFREQ,J)=~O.*LOG~O(PW~)+FACT . 

SUMl=SUMl+PWl 
IF(SUMl.LE.O.)GO TO 400 
POWER(IFREQ,J)=~O.*LOG~O(SUM~)+FACT 

390 CONTINUE 

400 CONTINUE 
5 30 CONTINUE 

IF(NPOWER.EQ.NM)GO TO 810 
NPl=NPOWER+l 
DO 820 J=NP1 ,NM 
POWER( IFREO, J)=POWER( IFREQ  ,NPOWER) 

820 CONTINUE 
810 CONTINUE 

IF(IDX3.NE.l)GO TO 440 

IFQ=IFQ+10 
WRITE(  6,100)  OMEGA 

WRITE(6,540) 

IF(IFREQ.NE.IFQ)GO TO 440 

100 FORMAT(/////lH  ,5X,’FREQUENCY= ‘ ,F10.0/) 

540 FORMAT(3X,‘AZIMlJTHAL  RADIAL  CUT-ON’ , 1 OX, 
I‘MODAL COEFFICIENTS‘,/5X,’MODE‘,8X,’MODE FREQUENCY’, 
2 9X, ‘ REAL  IMAGINARY‘///) 
DO 550 I=l,NM 
M=DREAL(NMODES( I) ) 

WRITE(6,560)  M,N,FREQ(I),PRES(I) 
N=DIMAG(NMODES(I)) 

560 FORMAT(2X,I5,7X,I5,5X,F7.0,10X,2F12.3) 
550 CONTINUE 

IF(IDXl.EQ.l)WRITE(6,570) POWF,R(IFREQ,NPOWER),ARWP(IFREQ) 
IF(IDX1.EQ.2)WRITE(6,5~0)POWER(IF~Q,NPOW~R),~WP(IFREQ) 

ENCODE(13,240,FNAM%)NRNO,NPNP 

OPEN(UNIT=9  ,NAME=FNAME, STATUS=‘NE” ) 
DO 330 K=l,NM 
WRITE(9,780)(PCOMX(I,K),I=l,NFREQ) 

440 CONTINUE 

240 FORMAT(213,‘PRS.RDT’) 

C  PCOMX = COMPLEX  PRESSURE  COEFFICIENT 
780 FOFMAT(hE13.5) 
330 CONTINUE 
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620 

C 

25 0 

C 
300 

C 
310 

600 

C 

570 
590 
580 

320 

CLOSE(  9) 
ENCODE(l3,620,FNAME)NRNO,NPPl 
FORMAT(213,'COR.RDT') 

WRITE(9,580)(ARWA(I),I=l,NFREQ) 
ARWA = AREA-WEIGHTED  PRESSURE  AMPLITUDE 
CLOSE( 9) 
ENCODE(13,250,FNAME)NRNO,NPNP 
FORMAT(213,'POW.RDT') 

DO  300 J=l,NM 
WRITE(9,580)  (POWER(I,J),I=l,NFREQ) 
POWER = SUCCESSIVE  SUMMATION  OF  MODAL  POWER 
COrnINUE 
DO  310 J=l,NM 
WRITE(9,580)  (PWIND(I,J),I=l,NFREQ) 
PWIND = INDIVIDUAL MODAL POWER 
CONTINUE 
CLOSE ( 9 ) 
ENCODE(13,600,FNAME)NRNO,NPPl 
FORMAT( 213, 'POW.RIX' ) 

WRITE(9,580)  (ARWP(I),I=l,NFREQ) 
ARWP = AREA-WEIGHTED  POWER 
CLOSE(  9) 
FORMAT(//lH ,'THE INCIDENT  POWER =',2F10.2,' dB') 
FORMAT(//lH,'THE  REFLECTED POWER =',2F10.2,' dB') 
FORMAT(lOF8.3) 
WRITE(6,500) 
IF(NM.EQ.6)WRITE(6,320) 
IF(NM.EQ.7)WRITE(6,920) 
FORMAT(//lH,lOX,'SUCCESSIVE SUMMATION  OF  MODAL POWER',//, 

OPEN(UNIT=~,NAME=FNAME,STATUS='NEW') 

OPEN(UNIT=~, NAME=FNAME, STATUS= 'NEW' 

OPEN(UNIT=~,NAME=FNAME,STATUS='NEW') 

15X,'FREqUENCY',2X,'A=(O,l) ',2X,'B=A+(l,1)',2X,'C=B+(2,1) 
2',2X,'D=C+(0,2)',2X,'E=Df-(1,2)',2X,'F=E+(2,2)',2X, 
3'AREA WTD POWER',//) 

15X,'FREQUENCY',2X,'A=(O,l) ',2X,'B=A+(1,1)',2X,'C=B+(2,1) 
2',2X,'~C+(3,1)',2X,'E=D+(0,2)',2X,'F=E+(l,2)',2X,'~F+(2,2) 
3'  ,2X,'AREA WTD POWER' , / /)  
IF(NM.E0.6~WRITE(6,380)(FRD(I),(POWER(I,J),J=1,NM),ARWP(I) 

920 FORMAT(//~H,IOX,'SUCCESIVE SUMMATION OF MODAL POWER',//, 

I,I=~,NFREQ,S) 
IF(NM.EQ.7>WRITE(6,980)(FRD(I),(POWER(I,J),J=l,~),AR~(I) 
l,I=l,NFREQ,5) 

380 FORMAT(F11.0,7F11.2) 
980 FORMAT(F11.0,8F11.2) 

WRITE(6,500) 
IF(NM.EQ.6)WRITE(6,34O)NRNO,MACH 
RMCH=-MACH 
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IF(NM.EQ.7)WRITE(6,99O)NRNO,RMCH 
340 FORMAT(//1N,lOX,'INDIVIDUAL MODAL POWER',5X,'RUN NO = ',13, 

I5X,'DUm MACH NO = ',F5.3,//,5X,'FREQUENCY',3X,'(0,1)',6X, 
. 2'(1,1)',6X,'(2,1)',5X,'(0,2)',6X,'(1,2)',6X,'(2,2)',//) 

990 FORMAT(//1H,lOX,'INDIVIDUAL MODAL POWER',5X,'RUN NO = ',I3, 
15X,'DlJCT MACH NO = ',F5.3,//,5X,'FREQUENCY',,3X,'(0,1)',6X, 
2'(1,1)',6X,'(2,1)',5X,'(3,1)',5X,'(0,2)',6X,'(1,2)',6X,'(2,2)',//) 
IF(NM.EQ.6)WRITE(6,35O)(FRD(I),(PWIND(I,J),J=I,~),I=l,~~Q,5) 
~~(~.EQ.7)WRITE(6,89O)(FRD(I),(PWIND(I,J),J=l,NM),I=l,~REQ,5) 

350 FORMAT(F11.0,6F11.2) 
890 FORMAT(F11.0,7F11.2) 

STOP 
' END 
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C 
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c 
C 

C 

110 

120 
100 

SUBROUTINE  INVERT(A,N,MAXRA) .................................................................. 
PURPOSE 
INVERT  A  COMPLEX  MATRIX. 

USAGE 
CALL  INVERT(A,N,MAXRA) 

A = MATRIX TO BE  INVERTED AND THE RESULTANT  INVERSE. 
N = ORDER  OF  MATRIX A. 

M A X R A  = ROW DIMENSION  OF  A IN THE CALLING  PROGRAM. 

METHOD 
GAUSSIAN  ELIMINATION IN PLACE. 

REMARKS 
THIS  ALGORITHM  WAS  ORIGINALLY  PUBLISHED IN  THE 1620  USER'S 
GROUP  NEWSLETTER,  AUTHOR UNKNOWN. 

SURROUTINE  AND  FUNCTION  SUBPROGRAMS  REQUIRED 
NONE 

.................................................................. 
SPECIFICATION  STATEMENTS 

COMPLEX*16 DCONJG,DCMPLX,CDSQRT,CDCOS,CDSIN 
COMPLEX*16 A(MAXRA,1),STORE,ONE/(1.DOO,O.DOO)/,ZERO/(O.DOO,O.D00)/ 

DO 100 I=l,N 

A( I, I)=ONE 
DO 110 J=l,N 

DO 100 K=l,N 
IF(K.EQ.1) GO TO 100 

STORE=A( I,  I ) 

A(I,J)=A(I,J)/STORE 

STORE=A(K,I) 
A(K,I)=ZERO 

A(K,J)=A(K,J>-STORE*A(I,J) 
DO 120  J=l,N 

CONTINUE 
RETURN 
END 
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p I 

, 

C 

C 
C 
C 
C 
C 
C 
C 
C 
c 

C 

STJBROUTINE BESLJY(X,NMAX,YKIND,J,YY) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO COMPITTE  RESSEL  FUNCTIONS  OF  FIRST AND SECOND 

KINDS  (ZERO  AND  FIRST ORDER) FOR  REAL ARGUMENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IMPLICIT  REAL*8 (A-H ,0-2 ) 

LOGICAL  YKIND 

PI=3.1415926 
IF ACT= 2 0 
IFACT  I=IFACT+l 
IF(X.CT.3) GO TO395 
X32=(X/3.)**2 
A2=-2.2499997 
A4=1.2656208 
A6=-.3163866 
A8= .0444479 
Al0=-.0039444 
A12=  .00021 
RJO=(((((A12*X32+A10)*X32+A8)*X32+A6)*X32+A4)*X32+A2)*X32+1. 
IF(  .NOT.YKINTl) GO TO 100 
Y=(2./PI)*LOG(X/2.)*BJO 
YCb.36746691 
Y2=.60559366 
Y4=-.74350384 
Y6=.25300117 
Y8=-.04261214 
Y10=.00427916 
Y12=-.00024846 
RYO=(((((Y12*X32+YlO)*X32+Y8)*X32+Y6)*X32+Y4)*X32+Y2)*X32+Y~Y 

H2=-.56249985 
H4=.21093573 
H6=-.03954289 
H8=.00443319 
H1@-.00031761 
H12=.1109E-04 

100 H0=.5 

HlX=((( ((H12*X32+F110)*X32+H8)*X32+H6)*X32+H4)*X32+H2)*X32+HO 
RJl=HlX*X 
IF(.NOT.YKIND) GO TO 760 
D=(2./PI)*X*L@G(X/2.)*BJl 
DO=-.6366198 
D2=  .2212091 
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D4=2.1682709 

D8= .3123951 
DlO=-.0400976 
Dl  2=  .0027873 

BYl=YlX/X 
GO TO 760 

CO=  .79788456 
C 1=-. 7 7E-0 6 
C2=-.0055274 
C3=-.  000095  12 
C4=  .00137237 
C5=-.00072805 
C6=.00014476 
F~(((((C6*X3+C5)*X3+C4)*X3+C3)*X3+C2)*X3+C1)*X3+CO 
T0=-.78539816 
T1=-.04166397 
T2=-.3954E-04 
T3=  .00262573 
T4=-.00054125 
T5=-.  00029333 
T6=.0@013558 
THETA~(((((T6*X3+T5)*X3+T4)*X3+T3)*X3+T2)*X3+T1)*X3+TO+X 

D6=-1.3164827 

YlX=(((((D12*X32+DlO)*X32+D8)*X32+D6)*X32~-D4)*X32+D2)*X32+~O+D 

395  x3=3./x 

RJ~=(~./SQRT(X>)*FO*COS(THETAO) 
IF(.NOT.YKIND) GO TO 500 
BY~=(~./SQRT(X))*FO*SIN(THETAO) 

500 B02.79788456 
R1=. 156E-05 
R2=  .01659667 
B3=  .00017105 
B4=-.00249511 
B5=.00113653 

F1=(((((B6*X3+R5)*X3+B4)*X3+B3)*X3+B2)*X3+Bl)*X3+BO 
GO=-2.35619449 
G1=  .12499612 
G2=  .00005650 

G4=  .00074348 
G5=  .00079824 
G6=-.00029166 
THETA1=(((((G6*X3+G5)*X3+G4)*X3+G3)*X3+G2)*X3+Gl)*X3+G~X 

B6=-.  0002033 

G3=-.00637879 

BJ~=(~./SORT(X))*F~*COS(THETA~) 
IF(.NOT.YKIND) GO TO 760 
BY~=(~./SQRT(X))*F~*SIN(THETA~) 

760 J(  l)=BJO 
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J( 2)=BJ1 

YY( 1 )=BY0 
YY ( 2 )=BY 1 

DO 895 N=2,NMAX 
ENM l=N-l 
TNMlOX=2.*ENMl/X 
INDN=N+l 
INDNMl=N 
I NDNM2=N- 1 

IF(.NOT.YKIND) GO TO 800 

e 

800 IF(NMAX.LT.2) GO TO 900 

IF(.NOT.YKIND) GO TO 820 
YY(INDN)=TNMlOX*YY(INDNMl)-YY(INDNM2) 

J(INDN)=TNMlOX*J(INDNMl)-J(INDNM2) 
GO TO 895 

ENPLUS (IFACTl )=N+IFACT 
DO 890 I=l,IFACT 
II=IFACTl-l 
ENPLUS (II)=N+II-1 
FACT=l.-X*X/(4.*ENPLUS(II)*ENPILJS(II+l)*FACT) 

J(INDN)=J(INnNMl)*X/(2.*DFLOAT(N)*FACT) 

820 IF(X.LT.ENM1) GO TO 878 

8 78 FACT= 1. 

890 COIiTINUE 

895 CONTINUE 
900 RETTJRN 

END 
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PROGRAM NAME : REFTRA-FOR 

*******A******************************* **** ** ,* rs -**** 
TO  EVALUATE  REFLECTION  COEFFICIENT AND TRANSMITTED 
POWER USING MODAL INCIDENT AND REFLECTED  PRESSURES 
AND POWERS. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I M P L I C I T  RJlAL*8(A-H,O-Z) 
CHARACTER FNAME* 13 

COMPLEX*16 PCOMX(2 ,501 ,50 )  

DIMENSION POWER(2,501,10),PWIN~2,5Ol,lO~,A~~~~~,~~~~, 
1~~(2,501),F~(S01),RCAW(501),ARWT(501),PO~T(501,7), 
2PWINT(501,7),RCIN(501,7),AIR(501),RCPW(501,~) 

READ(5,*)NRBPT,PS,PA 

NR=RUN NUMBER 
PTsTOTAL  PRESSURE,   PSIG 
P S s S T A T I C   P R E S S U R E ,   P S I G  
PA=ATMOSPHERIC  PRESSURE, PS I A  

"""""""""" 

CAM= 1 . 402 
G I = 2 . / ( G A " l e )  

PR=€'I"PS 
PSA-PS+PA 

FCTDM~2O.*LoClO((l.+DMAC)/(1.-DMAC)) 

GACI=(GAM-~.)/GAM 

CMA+SQRT( (( ~.+PR/PSA)**GACI-~ .)*GI) 

FCTDMIFACTOR  CORRECTING  THE POWER REFLECTION 
COEFFICIENT  DERIVED FROM INCIDENT AND 
R E F L E m E D  POWER DUE TO DUCT MACH NUMBER. 

NM=7 
NM-NO O F  MODES(RADIALi€IRCUMFERENTIAL) 
N F R 4  01 

******** INPUT DATA FROM D I S C  ******* 
DO 100 J=1,2 
J=J 1, INCIDENT  F IELD 

NP=(J-l)*200+100 

DF-20. 

=2,REFLECI'ED  FIELD 
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C 
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C 

2 00 

C 

100 
c 
C 

NP P-  NP+9 
ENCODE(13,110,FNAME)NR,NP 
FORMAT(213,'PRS.RDT') 

DO 130 K=l,NM 
READ(9,140)(PCOMX(J,I,K),I=l,NFR) 
PCOMX=MODAL  PRESSURE  COEFFICIENTS 
COrnINUE 
CLOSE( 9) 
FORMAT(hE13.5) 
ENCOqE(13,150,FNAME)NRYNP 
FORMAT(213,'POW.RDT') 
0PEN(TJNIT=9  ,NAME=FNAME  ,STATUS='OLD' ) 
DO 160 K=l,NM 
READ(9,170)(POWER(J,I,K),I=l,NFR) 
POWER=SUCCESSIVE  SUMMATION OF MODAL  POWER 
CONTINUE 
DO 180 K=l,NM 
READ(9,170)(PWIND(J,I,K),I=lyNFR) 
PWINE=INDIVIDUAL  MODAL  POWER 
CONTINUE 
CLOSE(  9) 
FORMAT(  10FS.3) 
ENCODE(13,190,FNAME)NR,NPP 
FORMAT(  213,'COR.RDT' ) 
OPEN(  UNIT= 9 ,  NAME=FNAME , STATUS= 'OLD' ) 
READ(9,170)(ARWA(J,I),I=l,NFR) 
ARWA=AREA-WE  IGHTED  PRESSURE  VALUES 

OPEN(UNIT=~, NAME=FNAME, STATUS= 'OLD' ) 

CLOSE (9 ) 
ENCOllE(13,200,FNAME)NR,NPP 
FORMAT(213,'POW.RDT') 
OPEN(UNIT=9,NAME=FNAME,STATUS='OLD') 
REALl(9,170)(ARWP(JyI),1=l,NFR) 
ARWPAREA-WEIGHTED POWER 
CLOSE( 9) 
CONTINUE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
***** COMPmAT'ON ******* 
DO 210 I=l,NFR 

RCAW(I)=ARWA(2,I)-ARWA(l,I) 

AR=lO.**(ARWP(2,1)/10.) 

FRD(I)=(I-~)*DF 

AI=~o.**(ARWP(I,I)/IO.) 

AIR(I)=AI-AR 
IF(AIR(I).LE.O.)AIR(I)=AIR(I-~> 
IF(AIR(I).LE.O.)AIR(I)=.O~~ 
ARWT(I)=~O.*LOG~O(AIR(I)) 
DO 220 K=l,NM 
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C 
C 
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230 

C 
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35 0 

C 
240 

250 

C 

C 
260 

C 

RCPW(I,K)=POWER(2,1,K)-POWER(lyIyK)+FCT~M 
AI=lO.**(POWER(  lyIyK)/lO.) 
AR=lO.**(POwER(2,I,K)/lO.) 
AIR(I)=AI-AR 
IF(AIR(I).LE.~.)AIR(I)=AIR(I-~) 

POWET(I,K)=~~.*LOG~~(AIR(I)) 
IF(PWIND(~,I,K).EQ.O.)GO TO 400 
AI=~o.**(PWIND(~,I,K)/~~.) 

AIR(I)=AI-AR 
IF(AIR(I>.LE.~.)AIR(I)=AIR(I-~) 
IF(AIR(I).LE.O.)AIR(I)=.OO~ 
PWINC(I,K)=~O.*LOG~O(AIR(I)) 

IF(AIR(I).LE.O.)AIR(I)=.OO1 

AR=lO.**(PWIND(2,1,K)/10.) 

CONTINUE 
RCL=ABS(PCOMX(2,1,K)/PCOMX(lyIyK)) 
RCIND( I ,K)=20.*LOGlO(RCL) 
CONTINUE 
CONTINUE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
***** STORING  IN THE DISC***** 
ENCOJX(l3,230,FNAME)NRyNP 
FORMAT(213,'RCS.RDT') 
OPEN(UNIT=9,NAME=FNAME,STATUS='NEW') 
WRITE(9,170)(RCAW(I),I=l,NFR) 
R.CAW=AREA-WEIGHTED  REFLECTION  COEFFICIENT 
DO 350 K=l,TW 
WRITE(9,170)(RCPW(I,K),I=lyNFR) 
RCPW=STTCCESSIVE  MODAL  SUMMATION  OF  REFLECTION  COEFFICIENT 
CONTINUE 
DO 240 K=l,NM 
WRITE(9,170)(RCIND(I,K),I=1yNFR) 
RCIND=INDIVIDUAL  MODAL  REFLECTION  COEFFICIENT 
CONTINUE 
CLOSE( 9 )  
ENCODE(13,250,FNAME)NRyNF' 
FORMAT(213,'POT.RDT') 
OPEN(UNIT= 9 , NAME=FNAME , STATUS= 'NEW' ) 
WRITE(9,170)(ARWT(I),I=l,NFR) 
ARWT=AREA  WEIGHTED  TRANSMITTED  POWER 
DO  260 K=l,NM 
WRITE(9,170>(POWET(I,K),I=1,NFR) 
POWET=SUCCESSIVE  SUMMATION  OF  MODAL  TRANSMITTED  POWER 
CONTINUE 
DO 270 K=l,NM 
WRITE(9,170)(PWINT(I,K),I=lyNFR) 
PWINT=Il\rDIVIDUAL  MODAL TRANSMITTED  POWER 
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270 CONTINUE 
 CLOSE(^) 

C 
C ********** PRINT Om **A!************** 
C 

WRITE(6,290) 
WRITE(  6,360)NR 

3 6 0  FORMAT(//lH,lOX,‘SUCCESSIVE SUMMATION OF MODAL  REFLECTION 
1 COEFFICIENT’,5X,‘RUN NO = ‘,13,//,5X,’FREQUENCY‘,2X,‘A=(O,l) 
2 ‘,2X,’B=A+(1,1)’,2X,’C=B+(2,1)’,2X,’D.C+(3,1)’,2X,‘E=~(0,2) 
3’,2X,‘PE+(1,2)’,2X,’G=F+(2,2)’,2X,‘AREA WTD VALUES‘,//) 
WRITE(6,300)(FRD(I),(RCPW(I,J),J=l,~),RCA~~(I),I=l,~R,5) 
WRITE( 6 , 2 9 0 )  

WRITE(6,280)NR 
290 FORMAT( 1 ~ 1 )  

280 FORMAT(//lH,lOX,’INDIVIDUAL MODAL  REFLECTION  COEFFICIENT’ 
1,5X,’RUN NO = ‘ , 1 3 , / / , 5 X , ‘ F R E Q U E N C Y ’ , 3 X , ‘ ( 0 , 1 ) ‘ , 6 X , ’ ( l , l ) ’  
2,6X,‘(2,1)’,5X,’(3,1)‘,5X,‘(0,2)’,6X,’(1,2)’,6X,‘(2,2)‘,//) 
WRITE(6,330)(FRD(I),(RCIND(I,K),K=l,~),I=l,NFR,5) 

300 FORMAT(F11.0,8F11.2) 
WRITE(  6,290) 
WRITE( 6,3 10)NR 

310 FORMAT(//IH,~OX,‘SUCCESSIVE SUMMATION OF MODAL TRANSMITTED 
1 POWER‘,5X,’RUN  NO = ‘,13,//,5X,‘FREQUENCY’,2X,‘A=(O,l) ‘, 
22X,‘B=A+(1,1)‘,2X,‘C=B+(2,1)’,2X,’D=C+(3,1)‘,2X,‘E=D+(0,2)’ 
3,2X,‘PE+(1,2)’,2X,‘G=F+(2,2)’,2X,’AREA WTD  POWER‘,//) 
WRITE(6,300)(F~(I),(POWET(I,J),J=~,~),AR~~(I),I=l,~R,5) 
WRITE(  6,290) 
WRITE(6,320)NR 

320 FORMAT(//lH,lOX,‘INDIVIDUAL MODAL  TRANSMITTED  POWER‘,5X, 
1’RUN  NO = ‘13,//,5X,‘FREQUENCY’3X,‘(0,1)’,6X,‘(l,l)’,6x, 
2‘(2,1)’,~~,’(3,1>‘,5~,’(0,2)’,6X,’(1,2)’,~~,’~~,~~‘,//~ 
WRITE(6,330)(FRD(I),(PWINT(I,K),K=l,~),I=l,WR,5) 

STOP 
END 

330 FORMAT(F11.0,7F11.2) 
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B . 3  NONLINEAR REGRESSION TECHNIQUE FOR  MODIFIED 
IMPEDANCE TUBE DATA ANALYSIS 

NLR: The modified  impedance  tube  technique  to  determine  the 
t e r m i n a t i o n   i m p e d a n c e   a n d   r e f l e c t i o n   c o e f f i c i e n t   i n   t h e   p r e s e n c e   o f  mean 
f low  wi th   f ixed   tempera ture  is  programmed i n  NLR. T h e   i n p u t   t o   t h i s  
program  consis ts   of   the   measured  induct   pressure  ampli tudes (dB)  and t h e  
co r re spond ing   r e l a t ive   l oca t ions .  The o ther   parameters   ( i . e . ,   f low 
parameters  and conve r s ion   f ac to r s ,   e t c . )   needed   fo r   t h i s   p rog ram are 
d e f i n e d   i n   t h e   l i s t i n g .  

SR8: This   subrout ine  to   program NLR is  used   t o   so lve  a set of 
s imultaneous  equat ions.  

INITIAL: This   subrout ine   to   p rogram NLR uses  combinations  of  three 
pressure  amplitude  measurements  to compute i n i t i a l   v a l u e s  of , and A. 
The se t  of va lues   which   g ives   the  minimum m s  er ror   be tween  the  
theo re t i ca l   and   t he   expe r imen ta l   va lues  of the   p ressure   ampl i tudes  is  
used as t h e   i n i t i a l  s e t  i n  NLR. 
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PROGRAM  NAME : NLR-FOR 

........................................... 

NONLINEAR  REGRESSION  TECHNIQUE  USED TO 

EVALUATE  COMPLEX  REFLECTION  COEFFICIENT 

AND SPECIFIC NOZZLE IMPEDANCE 'USING 

IMPEDANCE  TUBE  MEASUREMENTS  WITH  FLOW. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHARACTER  FNAME*  13 

PIE=3.1415926 
GAM= 1 .4 
ALR-8.68589 
ALR=20/LOGe( lo) :TO  RELATE  N 
FACX=64.4375 

'AT UR AL LOG WITH  LOG  BASE 

FACX=FACTOR TO DERIVE  EXACT  X-COORDINATE 

READ(5,*)PBl,NOl,NZl,PR,PS,FACP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PBl=ATMOSPHERIC  PRESSURE,PSI 
NOl=RIJN  NO 
NZl=NUMBER  OF  FREQUENCIES 
PR=TOTAL  PRESSURE  PSIG 
PS-STATIC  PRESSURE,PSIG 
FACP-FACI'OR TO GET  ABSOLUTE  PRESSURE 

READ(5,*)(W11(I),TC1(I),IRl(I),CALP(I),I=1,NZ1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
W1  l=FREQUENCY 
TC l=TEMPERATURE,  F 
IRl=NUMBER  OF  MEASUREMENT  POINTS 
CALP=CALIBRATION  FOR  PRESSURE 

10 
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C 

c 

323 
C 
C 
C 
C 

C 
C 
C 

DO 235 IM1=1,NZ1 
Wl=Wll(IMl) 
IR=IR~(IM~) 
TC=TC~(IM~) 
C=49.0116*SORT(460.+TC) 
REAl3(5,*)(AP(I),I=lYIR) . . . . . . . . . . . . . . . . . . . . . . .  
READ(S,*)(X3(I),I=l,IR) 

READ(S,*)(X4(1),1=1,IR) . . . . . . . . . . . . . . . . . . . . . . .  
AP=MEASIJRED PRESSURE AMPLITUDES, dB 
X3=MEASURED X-DISTANCE  IN INCHES 
X4=MEASIJRED X-DISTANCE IN 1/16 t h  OF AN INCH 

. . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DO 323 I=l,IR 
X5(I)=FACX-(X3(I)+X4(1)/16.) 
X3(I)=-X5  (I) 
AP(I)=AP(I)-CALP(IM~)+FACP 
C O W  INUE 

AP=PRESSIJRE, DR 
X3=COORDINATES OF DATA POINTS,INCH 

W=2.*PIE*W1 
AJ,M=~.*PIE*( 1 .-AM*AM)*C/W 

ALM=WAVE LENGTH IN FEET 

Z( 1 )=ALPHA 
Z ( 2 )=BETA 
Z(  3)=A 

DO 285 IQ=l,lO 

CSHS=CSH**2 
SNH=SINH(PIE*Z(l)) 
sNHs=sNH**2 
DO 300 IX=l ,IR 
BTX=PIE*(Z(2)+X3(IX)/(6.*ALM)) 
SN=SIN(BTX) 
CS=COS( BTX) 
css=cs**2 

CSH=COSH(PIE*Z(I)) 
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C 
c 
C 
C 
C 
3 00 

320 

330 

C 
C 

2  75 

280 

286 

287 
285 
290 

291 

310 

TDN=CSHS-CSS 
TDB(IX)=Z(3)+lO.*ALOG1O(TDN) 
DT( 1 , IX)=PIE*ALR* (SNH*CSH/TDN) 
DT( 2, IX)=PIE*ALR*  (SN*CS/TDN) 
DT(3,IX)=l. 

DT (1, IX)=DERIVATIVE OF PRESSURE  W .R.T ALPHA 
DT( 2,IX)=DERIVATIVE OF PRESSURE W.R.T BETA 
DT(3,IX)=DERIVATIVE OF PRESSURE W.R.T A 

COKC IMTE 
DO 320 K = 1 , 3  
A(K,4)=0. 
DO 320 I=l,IR 
A(K,4)=A(K,4)+(AP(I)-TDB(I))*DT(K,I) 
DO 330 K=1,3 
DO  330  J=1,3 

DO 330 I=l,IR 

V(1)=4. 
CALL  SRR(A,3,4,3,4,JC,V) 
. . . . . . . . . . . . . . . . . . . . . . . . .  

A(K, J)=o. 

A(K,J)=A(K,J)+DT(K,I)*DT(J,I) 

DO 275  K=1,3 
AZ(Y)=Z(K) 
E(K)=ARS(A(K,4)) 
COhTINUE 
DO 280  K=1,3 
El=ARS(AZ(K)*.0025) 
IF(K.EQ.3)E1=.025 
IF(E(K)-E1)280,280,286 
CONT I NJE 
GO TO  290 
CONTINUE 
DO 287 K=1,3 
Z(Y)=Z(K)+A(K,4) 
CONT INLrE 
CO  NT  INUE 
CONTINUE 
DO 291 K=1,3 
Z~(IMI,K)=Z(K) 
CONTINUE 
Eh=O. 
DO 310 I=l,IR 
E~=E~+AM(AP(I)-TDB(I)) 
CONTINUE 
E6=E6/IR 

li 
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ER6  (IM1  )=E6 
EXM=EXP(-Z(l)*2.*PIE) 
EXH=EXP(Z(~)*PIE) 

. EXMH=EXP(-Z(~)*PIE) 
SNH=SINH( 2 .*PIE*Z( 1)) 
CSH=COSH(2.*PIE*Z(l)) 
CSHH=COSH(Z( 1 )*PIE) 
SNHH=SINH(Z(l)*PIE) 
D=CSH+COS (2.*PIE*Z(2)) 
B( 1 ,IMl)=ShTH/T) 
B(2,1Ml)=-SIN(2.*PIE*Z(2))/D 
R (  3, IM1  )=ALR*ALCG(EXM) 
B(4,IM1)=180.*(2.*Z(2)+1.) 
DO 200 JK=l,lO 
IF(B(4 , IM1) .~ .36o . )B(4 , IM1)=R(4 , IM1)-360.  
IF(B(4,IM1).LT.-360.)B(4,IM1)=B(4,IM1)+360. 
IF(B(4,IM1).LT.360..AND.B(4,IM1).GT.-360.)GO TO 210 

200 CONTINUE 
210 CONTINUE 

R(5,IMl)=Z(3)+ALR*ALOG(.5*EXH) 
B(6,IMl)=Z(3)+ALR*ALOG(  .5*EXMH) 
Fl(IMl)=PIE*2.013/(6.*ALM) 
F2(IMl)=Fl(IMl)*(l.-AM*AM) 
IB=  35 6 
H=1./120. 
xz= 0.  
AA= 2.  *P  IE*AM/ALM 
DO 500 IT=l,IB 
XYZ(  IT)=-XZ 
CAX=COS(AA*XZ) 
SAX=SIN(  AA*XZ) 
RTX=PIE*(Z(2)+XZ*2./ALM) 
SN=SIN(RTX) 
CS=COS(BTX) 
css=cs**2 
TDN=CSHS-CSS 
PRA(IT)=Z(3)+10.*ALOGlO(TDN) 
AAT=SAX*SNHH*CS-CAX*CSHH*SN 
BBT=-SAX*CSHH*SN-CAX*SNHH*CS 
DEL~=ATAN(BBT/AAT) 
IF(AAT.LT.~.)DEL~=DEL~+PIE 
IF(DEL1  .GT. 2 .*PIE)DELl=DEL1-2  .*PIE 
IF(DEL1.LT.-2.*PIE)DELl=DELl+2.*PIE 
DEL(  IT)=DEL1*180./PIE 
XZ=XZ-H 

5 00 CONTINUE 
WRITE(6,510)N@1,AM,W1l(IM1) 

C . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Ib c 
510 FORMAT(lHl,///,lOX,'RlJN NO = ',13,5X,'MACH NO = ',F5.3 

*,5X,'FREOUENCY,HZ = ',F6.0,///,6XY'AXIAL  LOCATION, INCH' 
*,2X,'MEASIJRET)  AMP.DB',2XY'COMPUTED  AMP.DB',//) 
WRITE(6,520)(X5(I),AP(I),TDB(I),I=l,IR) 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
520 FORMAT(3F18.3) 

WRITE(6,,540)N01,AM,Wll(IM1) 
C @ @ ~ ~ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @  
540 FORMAT(lHl,///,lOX,'RUN  NO = ',13,5X,"ACH NO = ',F5.3 

*,5X,'FREQUENCY,HZ = ',F6.0,///,8X,'AXIAL LOCATION, FT' 
*,6X,'COMPUTED  AMP.DB8,6X,'COMPUTED PHASE, DEG',//) 
IJRITE(6,530)(XYZ(I)  ,PRA(I)  ,DEL(I)  ,I=l  ,IB) 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
530 FORMAT(3F20.3) 

DO 700 I=l,IR 
X5(I)=fi(I)/l2. 

IWll=W11(IMl) 
N02=MOl*lC+IW11/1000 

IF(IW12.EO.0)NO2=NO2*lOO~ 
IF(IW12.NE.~)~N~~~~(13,fi~OyFNAME)N02,TW12 

7 on CONT INLJE 

1~1z=r~11-(1~ll/lono)*lno~ 

c. ......................................... 
1F(1W12.EQ.0)ENC0DE(13,61O,FNAME)N02 

c 
600 
610 

c 

C 
C 

C 
c 

C 
C 

C 
c 

C 
C 
h20 

C 
2 35 

.................................... 
FORMAT(14,13,'IM.~AT') 
FORMAT(I7,'IM.DAT') 
OPEN(UNIT=9,NAME=FNAPiEySTATIJS='NEW') 

~JRITE(~,h20>(X5(I),I=lyIR) 

X5=AXIAL  LOCATION  CORRESPOND TO MEASIJREMENT POINTS 
WRITE(9,h20)(AP(I),I=IyIR) 

AP=MEASURED PRESSIJRE  AMPLITIJDES 
W R I T E ( 9 , 6 2 0 ) ( X Y Z ( I ) , I = l , I B )  

XYZ=AXIAL  LOCATION  CORRESPOND TO COMPUTED  PRESSURE 
WRITE( 9,620) (PRA( I) ,I= 1, T B )  

PRA=COMPIJTED  PRESSURE  AMPLITIJDES 
W R I r E ( 9 , f i 2 0 ) ( n E L ( I > , I = l y I ~ )  

JEL=COMPUTED  PRESSURE  PHASE 
FORMAT( 1 OF8.3) 

.................................... 
""""""""""""" 

"""""1""""""~" 

"""""""_I"""""- 

"""""""""""""- 
"""_"""""""""" 
CLOSE( 9) ........ 
COhT INlF 
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WRITE(6,150)NOl,AM 
C @@@@@@@@@@@@@@@@@@ 
150 FORMAT( 1H1 ,///,SX,'ACOUSTIC PROPERTIES OF OPEN DUCT TERMINATION' 

*,//,6X,'USING IMPEDANCE TUBE METHOD, RUN NO = ',13,2X, 
*'MACH NO = ',F5.3,//) 
WRITE(6,130) 

C @@@@@@@@@@@@ 
130 FORMAT(2X,'FREQ,HZ',2X,'KR',4X,'KR/(l-M*M)',2X,'~SIST~CE', 

*lX,'REACTANCE'lX,'REF. AMP.',2X,'REF.PRAE',2X,'INC. AM€",3X, 
*'REF. AMF",4X,'ALPHA',5X,'RETA',4X,'AMP. CONST',2X,'ERROR',//) 
WRITE(6,190)(Wll(I),F2(I),F1(I),(B(K,I),K=l,6),(Zl(I,J),J=l~3) 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
*,BR6(I),I=l,NZl) 

C @@@@@@@@@@@@@@@@ 
190 FORMAT(1X,F6.0,2X,F7.3,2X,F7.3,Fll.3,FlO.3,2X,F8.3,2X,Fll.3 

*,6F10.3/) 
STOP 
END 
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SUB ROUTINE SR~(A,NR,NC,N,MC,JC,V) 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

100 
105 

110 

115 

120 

125 
130 

135 

140 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO SOLVE A SET OF SIMULTANEOUS  EQUATIONS. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NC=MAXIMUM NO OF COLS IN MATRIX A 
NR=MAXIMUM  NO  OF  ROWS IN MATRIX A 
&SIZE  OF  PART  MATRIX TO BE  INVERTED 
MC==NO OF  COLS OF PART  MATRIX 
DIMENSION A(NR,NC)  ,JC(N)  ,V(N) 
IW=V(  1) 
M=l 
S=l. 
L=N+(MC-N)*(IW/4) 
KD=2-MOD(IW/2,2). 
IF(KD.EQ.1)V(2)=O0 
KI=2-MOD ( IW, 2 ) 
IF(KI.EQ.2)GO TO 105 
DO 100 I=l,N 
JC(  I)=I 
DO  165  I=l,N 
IF(KI.EQ.l) GO TO 110 
M= I 

x=-1 . 
DO 115 J=I,N 
IF(T.GT.ABS(A(J,I))) GO TO 115 
X=ABS(A(J,I)) 
K= J 
CONTINUE 

IF(I.EQ.N) GO TO 130 

IF(K.EQ.I) GO TO 130 
s= -s 
IF(KI.RQ.2) GO TO  120 
MU=JC( I) 
JC(I)=JC(K) 

DO 125  J=M,L 
X=A( I, J) 

A(K,  J)=X 
IF(ABS(A(I,I)).GT.O.) GO TO 145 

JC( 1 )=I-1 
WRITE(6,135) 
FORMAT( ' 0 INVERSION  TROUBLE' /)  
WRITE(6,140)JC(l) 
FORMAT('OJC( 1)+' ,14/) 

JC ( K)=MU 

A(I,J)=A(K,J) 

IF(KD.EQ.~)v(~)=o. 
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145 

150 

155 

160 
165 

170 
175 

180 
185 
190 

STOP 
IF(KD.EQ.2) GO TO 150 

V(2)=V(2)+ALOG(ABS(A(I,I))) 

A(I,I)=l. 
DO 155  J=M,L 

CONTINUE 
DO 165  K=l,N 

IF(A(I,I).LT.o.)s=-s 

X=A(I,I) 

A(I,J)=A(I,J)/x 

IF(K.EQ.I) GO TO 165 
X=A(K , I) 
A(K,I)=O. 
DO 160 J=M,L 

CONTINUE 
CONTINUE 
IF(KI.EQ.2) GO TO 190 
DO 185 J=l,N 

J J= J+1 
DO 170 I=JJ,N 
IF(JC(I).EQ.J) GO TO 175 
CONTINUE 
JC(I)=JC(J) 
DO 180 K=l,N 
X=A(K,I) 
A(K,I)=A(K,J) 
A ( K , J ) = X  
CONTINUE 
JC( 1 )=N 
IF(KD.EQ.I) v(l)=S 
RETURN 
END 

A(K,J)=A(K,J)-X*A(I,J) 

IF(JC(J).EQ.J) GO TO 185 
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SUB  ROUTINE INITIAL(ALM,AP,X3,Z,NUMyIR,PRMS) 
C. 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TO COMPUTE  VALUES OF ALPHA  BETA  AND  A  IJSING 
COMRINATION OF THREE  PRESSURE  MEASUREMENTS  AND 
TO DETERMINE  A  SET OF ALPHA  BETA AND A  WITH 
MINIMUM rms ERROR BETWEEN  THEORETICAL  AND 
EXPERIMENTAL  VALUES OF PRESSURE  AMPLITUDES 
TO BE USED AS INITIAL  VALUES 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DIMENSION AP(50),X3(50),Z(3) 

C 

132 

PIE=3.1415926 
Rl=4.*PIE/ALM 
NUM= 0 
PRMS= 1000 
AVALP= 0 
AVRET=O 
AVAMP=O 
JP=IR-2 
DO 110 J=l,JP 
JJ=  J+l 
JJP=JP+l 
DO 120  K=JJ,JJP 
KK=K+l 
DO 130 bKK,IR 
Pl=AP(  J) 
P2=AP(K) 
P3=AP(L) 
Dl=X3(J)/12. 
D2=X3(K)/12. 
D3=X3(L)/12. 
CO=COS(R~*D~) 
SI=SIN(R~*D~) 
P12=lO.**((P2-P1)*. 1) 
P13=10.**((P3-P1)*.1) 
A12=COS(RI*DZ)-P12*CO 
A13=COS(Rl*D3)-PI3*CO 
BlZ=SIN(Rl*DZ)-Pl2*SI 
B1%SIN(Rl*D3)-Pl3*SI 
Fl=A13*BlZ-A12*B13 
FA=A12*(1.-P13)-A13*(l.-P12) 
FB=B12*(1.-P13)-B13*(1.-P12) 
DNM=SQRT (FA*FA+FB*FB) 
IF(DNM.EQ.O.)GO TO 130 
X=ABS(F~/DNM) 

Z(1)=.001 
IF(X*X-1.)132,135,135 
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GO TO 137 
135 Z(  I ) = (  1./(2.*PIE)  )*ALOG(X+SQRT(X*X-I)) 
137 FABP=-FB/FA+SQRT((FB/FA)*(FB/FA)+I) 

FABM=-FB/FA-SORT(  (FB/FA)*(FB/FA)+I) 
Z( 2)=ATAN( FABP) / P I E  . 
CHZ=COSH(PIE*Z(I))**2 
C12=COS(PIE*Z(2)+R1*D1/2)**2 
C22=COS(PIE*Z(  2)+RI*D2/2)**2 
C32=COS(PIE*Z(2)+RI*D3/2)**2 
CC2=(CM2-C22)/(CH2-C12) 
CC3=(CH2-C32>/(CHZ-C12) 
DB12P=ARS(PIZ-CC2) 
DR13P=ABS(P13-CC3) 
Z(2)=ATAN(FABM)/PIE 
CH2=COSH(PIE*Z( 1))**2 
C12=COS(PIE*Z(2)+RI*Dl/2)**2 
C22=COS(PIE*Z(2)+Rl*D2/2)**2 
C32=COS(PIE*Z(2)+RI*n3/2)**2 
CC2=(CH2-C22)/(CH2-C12) 
CC’3=(CH2-C32) / (CH2-C12)  
DR12!l=ARS(P12-CC2) 
DR13M=ARS(P13-CC3) 
IF(~B12P*DB13P-DB12M*D~l~M)I~O,1~0,150 

C12=COS(PIE*Z(2)+Rl*Dl/2)**2 
C22=COS(PIE*Z(2)+Rl*D2/2)””2  
C32=COS(PIE*Z(2)+Rl*D3/2)**2 

14n Z(Z)=ATAV(FARP)/PIE 

150 NUM=NTTM+I 
~(3)=(P1-l~.*AL~GlO(CH2-C12)+P2-lO.*ALOGl~(CHZ-C22) 

*+P3-lO.*ALoGlO(~2-C32))/3 
AVALP=AVALP+Z(I) 
AVRET=AVBET+Z ( 2 ) 
AVAMP=AVAMP+Z ( 3 ) 
F= 0. 
no 170 I=l,IR 
PHD=PIE*(Z(2)+2.*X3(1)/(12.*ALM)) 
C=COS(PBD) 
CZ=C*C 
PT=Z(3)+lO.*ALOGlO(CH2-C2) 

170 F=F+(AP(I)-PT)**z 
PRMSI=SQRT(F/IR) 
IF(PRMS-?RMS1)165,165,160 

1 6 0 PRI?S= PRMS 1 
ALPl=Z( 1 ) 
BETl=Z(2) 
Al=Z( 3) 

165 CONTINUE 
130 CONTINUE 
120 CONTINUE 
1 I n  CONTINLIE 

IF(NUM.EQ.O.)CO TO 100 
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AVALP=AVALP/NUM 

AVAMP=AVAMP/NLJM 
AVRET=AVRET/NIM 

F=O. 
DO 180 I=l,IR 
PBD=pIE*(AVBET+2.*X3(1)/(12.*ALM)) 
CZ=COS(PBI7)**2 
CH2=COSH( PIE*AVALP.)**2 
PT=Z(3)+10.*ALOGl@(CH2-C2) 

180 F F + ( A P ( I ) - P T ) * * 2  
PRMS~=SQF.T(F/ IR)  
IF(PRMS-PRMSl)190,190,185 

1 8 5 PRMS=  PRMS 1 
Z(  1 )=AVALP 
Z ( 2 )= AVRET 
2 ( 3 )=AVAMP 
GO TO 100 

190 Z( l ) = A L P l  
Z( 2)=BET1 
Z( 3)=A1 

RETURN 
END 

100 CONTINLIE 
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B.4 COMPUTATION OF INDUCT AND FAR-FIELD  ACOUSTIC PARAMETERS 

MSEP39: This  program  computes  the  induct parameters (namely, 
r e f l ec t ion   coe f f i c i en t   ampl i tude ,   i nc iden t   power ,   r e f l ec t ed  power  and 
t ransmit ted  power) ,   far-f ie ld   parameters   . (namely,   far-f ie ld   sound 
p r e s s u r e   l e v e l s  a t  100 nozzle   diameters  away from  the exit and   fa r - f ie ld  
power),  and  the power imbalance. In   addi t ion ,   normal ized  power and 
f a r - f i e l d  sound  pressures  are a l s o  computed.  The normalizing  parameters 
c o u l d   b e   e i t h e r   t h e   i n c i d e n t  power o r   t h e   t r a n s m i t t e d  power.  The r e s u l t s  
can be o b t a i n e d   e i t h e r  a t  narrow  band  frequencies, a t  oc t ave   o r  
one-third  octave  frequencies.  The output   data   can  a lso  be  numerical ly  
smoothed, i f  des i red .  The  program  can  be  used to   bo th   s ing le   and  
annular  stream  duct  nozzle  systems. 

The input   to   the   p rogram  inc ludes   inducts  and f a r - f i e l d   d a t a .  The 
f a r - f i e l d   d a t a  are suppl ied  in   the  form  of   measured sound p r e s s u r e  
l e v e l s  a t  seve ra l   po la r   ang le s .   The   i nduc t   da t a  are s u p p l i e d   i n  two 
ways. When a single  induct  measurement i s  made, t he   i nc iden t   and   t he  
r e f l ec t ed   sound   p re s su re   l eve l s  are suppl ied  as they are measured.  For 
mul t ip le   po in t   measurements   as   needed   for  modal decomposition,  the modal 
summation  of t h e   i n c i d e n t ,   t h e   r e f l e c t e d  and the   t ransmi t ted   powers  are 
fed   to   the   p rogram.   For   s ing le  stream duct -nozz le   sys tem  these   da ta   a re  
obtained  from  the  output of the  program "MODAL. For   annular  
duct-nozzle  system  the  output  of MODANU and REFTRA a r e   f e d   t o  MSEP39. 

HUMCAL: Th i s   sub rou t ine   t o  MSEP39 c o r r e c t s   t h e   i n p u t   d a t a   f o r  
humidi ty ,   for   microphone   pos i t ion   to  a s t a n d a r d   p o l a r   r a d i u s ,   t h e   e f f e c t  
of wind s c r e e n   ( i f   u s e d   f o r  a microphone)  and  converts  the  corrected 
data to   absolu te   sound  pressure  level using  microphone  cal ibrat ions.  

FLIGHT: Th i s   sub rou t ine   t o  MSEP39 t ransforms  noise   data   measured 
i n  a f r e e  je t  s i m u l a t i o n   f a c i l i t y   t o   t h e   i d e a l   w i n d - t u n n e l   s i m u l a t i o n .  

OCTAVE: T h i s  subrout ine  t o  MSEP39 i s  used   to   conver t   the   nar row 
band da ta   in to   oc tave   o r   one- th i rd   oc tave   bands .  

POWER: Th i s   sub rou t ine   t o  MSEP39 computes   var ious   acous t ic  power 
and  power  imbalance  spectra. 

SMOOTHING: This   sub rou t ine   t o  MSEP39 is used   to  smooth numerically 
t h e  sound  pressure  level   spectrum  or   the power spectrum or  any 
normal ized   t ransfer   func t ion   spec t rum.  
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C 
C PROGRAM  NAME: MSEP39.FOR 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C GENERALIZED PROGRAM  TO  COMPUTE  INDUCT AND FARFIELD 
C SPL SPECTRA; FARFIELD TRANSFER FUNCTION SPECTRA AT 
c EACH  POLAR  ANGLE; AND INCIDENT, TRANSMITTED AND 
C FARFIELD ACOUSTIC POWER SPECTRA 

' c  

C 
, ******k******************************************* 

DII.IENSION AM(16,S01),P(501),IANG(lh),ADUM(5Ol),AMl(16,.501) 
*,TITL1(40),TITL2(40),TITL3(40) 

c 
CHARACTER  FNAME*13 

C 
C -k********* INPUT DATA ************ 
C 
C ( ASSICNRD TO MSEP39.r)AT ) 

READ(5,58O)TITLl 
c """""""" 

C TITLl   SPECIFIFS  NOZZ1,E TERMINATION I N  THE PRINTOlTT 
C 

READ(5,580)TITL2 
C """""""" 

c TITL2  SPECIFIES RAND WIDTH ANT) TYPE OF ANALYSIS 
c 

READ(5,580)TITL3 
c """""""" 

c TI'rL3 I S  THE HEADING FOR EMISSION ANGT,ES 
C 

READ(5,*)1DX,1DX1,IDX2,1~X3,1DX4,1DX5,1DX6 
C 
C 

""""""""""""""""""""" 

REAi3(5,*)NR,IC,IR,NF,NSTFyLOyLl,nF,RE,RE,RMP 
C 
C 

""""""""""""""""""""- 

READ(5,*)PA,PR,PS,PT,PM,TRYTA 
c """"-""""""""""- 
C 

c 
LMX=Ll-LO+l 

IF(IDX.l?Q.2)RFA~(5,*)(IANG(I),I=l,LMX) 
C """""""""-""""""""" 
\, rl 

IF(IDX1.GT.l)REAn(5,*)NFO 
C """""""""""" 
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C 

C 
C 
C 
C 
C 
c 
c 
C 
c 
C 
C 
C 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 
c 
C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 
c 
c 
c 
c 
C 
C 
C 
c 
c 
c 
c 

IF(I~X1.GT.1)READ(5,*)(F(I),~=l,NFO) """"""""_""""""""" 
I D X = l ;  WHEN POLAR ANGLES  ARE  WITH  F IXED  INCREAMENTS 

= 2 ;  WHFN POLAR  ANGLES  ARE  NOT  WITH  FIXED 
INCREMENT ANT, ARE  READ  SEPARATELY 

I D X 1 =  1 ; 
= 3 .  

- 9  

=3; 

I D X 2 =  1 ; 
= 2  

I D X 3 =  1 ; 

'2; 
=3; 

I D Y &  1 ; 
= 2 ;  

rnx5= 1 ; 
= 2 ;  

IDXh= 1 ; 
= 2 ;  

NARROW BAND  FREQIJENCY  ANALYSIS 
ONE-THIRD  OCTAVE  FPEOUENCY  ANALYSIS 
OCTAVE  FREQUENCY  ANALYSIS 

WITHOUT  SMOOTHING 
W I T H  SMOOTH  INC, 

POWER  CATJXJLATIONS  ARE  DONE  USING  INDUCT & F A R F I E L D  
S P L   S P E C T R A  
NO POWER  CALCULATION 
INDIJCT  POWER  DATA S U P P L I E D  FROM SEPARATE  COMPUTATION 

WIND  SCREENS USED U P T O   5 T t I   M I C  
NO WIND  SCREE  USED 

V I T H  FLICXT S I M I J L A T I O N   C O R R E C T I O N  
NO F L I G H T   S I M I J L A T I O N  

SINGLE  STREAM  DIJCT-NOZZLE  SYSTEM 
COANNUIAR  DIJCT-NOZZLE SYSTEM 

P O I N T S   S T O R E D   I N  THE DATA F I L E  

P O I N T S  USED I N  COMPUTATION 

NF=NUMRER OF F R E O I J E N C I E S  PKIhTED OUT 

NSTF=IXTERVAI, OF FREQUENCY  POINTS FOR P A T A   P R I N T O W  

LO=FIRST POLAR  ANGLE  NLNRER 

L l = L A S T   P O U R  ANGLF NWIRER 

DF=BAND  WIDTH FOR NARROW R A N D  A V A L Y S I S ,  1-77, 

RE=NOZZLE  EXIT   RADITJS ,   INCH 
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1 

C 
C 
c 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
c 
c 
C 
C 
c 
C 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
5 80 

C 
C 

(FOR ANNULAR CASE,  OUTER  NOZZLE  RADIUS) 

RMP=STANDARD  POLAR  DISTANCE, FT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PA=ATMOSPHERIC  PRESSURE,   PSIA 

P R = T O T A L   P R E S S U R E ,   P S I G  

P S = S T A T I C   P R E S S U R E   I N   T H E  DUCT,  PSIC, 

FT=TOTAL  PRESSURE I N  TUNNEL,   ?SIG 

PM=DIFFERENCE  OF  ATMOSPHERIC  PRESSURE 
BETWEEN T H E  CHAMBER AND TAR. , INCH  OF  WATER 

TR=TEMPERATURRE I N   T H E  DUCT, F 

TA=CHAMBER TEMPERATURE, C: 
4 

$ $ S $ ~ $ S S S S $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ S $ $ $ $ $ ~ S ~ $ S $ $ $ $ $ $ $ $ $ $  

IANG(I)=MEASUREMENTS MADE  AT THESE  POLAR  ANGLES 

S S S S $ $ S S $ S $ $ $ $ $ $ S $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $  

NFO=NIJMMRER OF OCTAVE OR 1/3 OCTAVE  FREQUENCIES 

F( I)=RESULTS  EVALIJATED AT THESE  FREOUENCIES 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

****** COMPUTATION  OF  VARIOUS MACH NUMBERS **** 
AND FACTORS 

FORMAT( 2 0 A 4 )  
PI=3.1415926 
P O W F = 3 . 7 3 9 6 7 5  1 
GAM= 1.402 
G ( G A ” 1 . ) / 2 .  
GI= 1. / G  
GAC=GAM/(CAY-~ .) 
GACI= 1. /GAC 
C F = 1 4 . 7 / 4 0 8 . 8  

CF-CONVERSION  OF  INCH  OF WATER TO PSI 
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C 

C 
c: 
C 

TA=TA* 1 . 8+32 . 
C0=49.016*SQRT(TA+460.) 
PJ=PR+PM*CF 
IF(PR.EO.0.  )PJ=O. 
PIhPR-PS 
PSA=PA+PS 
AMJ=SQRT((((l.+PJ/PA)**GACI)-l.)*GI) 
TJ=((TR+459.7)/(1.+G*(AMJ*AMJ))) 
CJ=49.016*SQRT(TJ) 
AMD=SQRT( ( (  (1  .+PD/PSA)**GACI)-1 . )*GI) 
TIh( (TR+459.7)/(1.+G*(AMD*AMD))) 
CD=49.016*SQRT(TD) 
PTC=PT+PM*CF 
IF(PT.EQ.O.)PTC=~. 
A~=sQRT((((~.+PTc/PA)**GAcI)-~.)*GI) 
cT=co 
VJ=AMJ*CJ 
VT=AMT*CT 
ROC=GAM*PA*144./CO 
ROD=GAM*(PS+PA)*144./CD 
RD=2.013/12. 
RI=O . 
IF(IDX6.EQ.2)RI=.67/12. 
AREF=RD*RD-RI*RI 

RT)=INNER  RADIUS  OF THE DUCT 
FOR ANNULAR: INNER  RADIUS  OF  OUTER  DUCT 

RI=FOR  ANNULAR:  OUTER  RADIUS  OF  INNER  DUCT 
ARE+CROSS-SECTIONAL  AREA  OF THE DUCT/PI 

0 

RMC=100.*RE/12. 
FACC=2O.*ALOClO(RMP/RMC) 
ARI=lO.*ALOGlO((l.+Al4D)*(l.+AMD)*RD*RD*PI/ROD) 

FACT=4.*RMC*RMC*SoRT((TA+460.)/(TD))/(((l.+~D)**2)*AREF) 

FACT1=4.*PI*RMC*RMC/ROC 

ARR=~O.*ALOGIO((I.-AIID)*(~.-AMD)*RD*RD*PI/ROD) 

FA~=FACT* ( 1 .+PS/PA) 

FACT=~O.*ALOG~O(FACT) 
FACTT=~O.*ALOG~O(FACT~)-POWF 
IF(IDX3.EQ.3)FACT=FACTT 

****** TO READ  PRESSURE & POWER  DATA  FROM  FILES *** 

C 

L I= IMX+ 1 
LR=LMX+2 
LT=  LR+l 
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C 
c 
C 
C 

100 
110 
3 30 

C 
C 

140 

170 
160 

C 
C 
C 
C 
C 
C 
C 
150 
130 

LI=INCIDENT 
LR=REFLECTED 
LT=TRANSMITTED 

L  IR=LR 
IF(IDX3.EQ.3.AND.I~X6.E~.l)LIR=LI 
IF(IDX3.EO.3.AND.IDX6.EQ.2)LIR=LT 
DO 200 I= 1 ,LIR 
IF(IDX.EO.l)IANG(I)~(I+LO-2)*10 
IF(i.EQ.LI)IANG(I)=360 
IF(I.EQ.LR)IANG(I)=180 
NP=IANG(I)+100 
IF(IDX6  .E0.2)GO TO 410 
IF(I.EO.LI.AND.IDX3.J?Q.3)NP=lO9 
IF(I.LT.LI)ENCODE(13,lOO,FNAME)NR,NP 
IF(I.EQ.LI.AND.IDX3.EQ.3)ENCODE(13,llO,~AME)NR,Nl? 
IF(I.GE.LI.AND.Il3X3.NE.3)ENCODE(13,33O,FNAME)NR,NP 
FORMAT(213,'SFF.RDT') 
FORMAT(213,'POW.RDT') 
FORMAT(213,'SID.RDT') 
OPEN(UNIT=9  ,NAME=FNAME , STATUS='OLD' ) 
IF(I.EO.LI.AND.IDX3.Eq.3)GO TO  140 
READ(9,3OO)(AM(I,J),J=l,IC) 
AM = FAR-FIELD  SPL  (IF IDX3 = 3) 

GO TO 130 
CO NT INUE 
DO 150  KDUM=1,15 
READ(9,3OO)(AnUM(J),J=l,IC) 
DO 160 KKD=7,15,4 
DO 170  J=l,IC 
IF(KDUM.EQ.7)AM(LI,J)=AnUM(J) 

IF(KDlJM.EQ.  15)AM( LT, J)=ADUM(  J) 
CONTINUE 

= FAR-FIELD AND INDUCT  SPL  (IF IDX3 NOT = 3) 

IF(KDVM.EO.~~>AM(J,R,J)=ADUM(J) 

CONT I N I J E  

FOR  IDX3=3  FOR  IDX3=1  OR  2 
-aaaaa""-aaaaa~-aa-a""aaa""a-a 

AM(L1  ,.J)=INCIDENT POWER INCIDENT  SPL 
AM(LR,.J)=REFLECTEn  POWER REFLECTED SPL 
AM(LT,  J)=TRANSMITTED  POWER (NOT INPW) 

CONTINUE 
CONTINUE 
CLOSE( 9) 
(20 TO 310 

410 CONTINUE 
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IF(I.EQ.LI.~D.IDX3.E0.3)~=100 
IF(I.(X.LI.AND.IDX3.EQ.3)NP=300 
IF(I.LT.LI)ENCODE(13,32O,FNAME)NR,NP 
IF(I.GE.LI.AND.IDX3.EQ.3)ENCODE(13,llO,FNAME)NEt,NP 
IF(I.EQ.LT.AND.IDX3.EQ.3)ENCODE(13,34O,FNAME)NEt,NP 
IF(I.GE.LT.AN~.IDX3.NE.3)ENCODE(13,43O,~~)NEt,~ 

320 FORMAT(213,'AFF.RDT') 
430 FORMAT(213,'AID.RDT') 
340 FORMAT(  213,  'POT-RDT' ) 

OPEN( rJNIT39, NAME=FNAME ,STATUS= 'OLD' ) 
IF(I.GE.LI.AND.IDX3.EQ.3)GO TO  450 
READ(9,300)(AM(I,J),J=l,IC) 
GO TO 460 

IF(I.EQ.LT)CXI TO 370 
DO  380  NM=1,7 
READ(9,300)(AM(I,J),J=l,IC) 

GO TO 390 

DO 400 NM=1,8 
READ(9,3OO)(AM(I,J),J=l,IC) 

450  CONTINUE 

380  CONTINUE 

370 CONTINUE 

400 CONTINUE 
390 CONTINLTE 
460 CONTINUE 

310 CONTINUE 
200  CONTINtE 
300  FORMAT ( 10F8  -3) 

 CLOSE(^) 

C 

C # # ## ## # # # # # d # # #IF # # # # ## /F li d iFb Ii /i IF B t # B IF # # ii # # # # # ii 88 # # # # 
C 

LMXS=INX 
C 

IF(IDX5.EQ.l)CALL FLICHT(IB,J3MP,VT,VJ,CO,CT,A", 
c W # # # ~ ~ # # # # B # ~ ~ # # ~ ~ # # # # # i ~ # # ~ ~ ~ ~ # ~ F i F ~ F # # # # i ~ # ~ # # # # # # # ~ ~ # ~ ~ # #  

*IANG,LMX,AM,DF) 
C ~F###~~F#~i~i#~i~~~i~~~F 
C 

CALL HlJMCAL(IC,IB,DF,PA,TA,AM,IANG,LMX,LO,IDX3,IDX4) 

IF(LMX.EQ.LMXS)GO TO 250 
DO  260  I=l,IB 
AM( LMX+l, I)"( LI , I) 
AM(LMx+2,I)=AM(LR,I) 
IF(IDX3.EQ.3)AM(LMX+3,I)=AM(LT,I) 

260  CONTINUE 
LI=LMX+l 
LRILI+l 
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LT=  LR+ 1 

DO 270 K=l,LMX 
M) 270 I=l,IB 

250 COWINUE 

AM(K,I)=AM(K,I)+FACC 
270 CONTINUE 
C 

IF(IDX1.CX"l)CALL OCTAVE(IDXl,IDX3,NFO,DF,IB,IC,AM,F,LT) 
C # # # d ti/ # d d a I# /I /I# IF # f # # # # # /# # # t i /  I# I/# ## f # i/ ## a # # # i# f I/ f ## /# /# t # I# I# # b# 

C /I # # d # #I# /## # !I /I I# # # d /I# # # B ## # # # /# // w /# B # i/ f /# f a  K A # # # I# I/ # # ## !/ # 

C l # ~ # ~ i ~ / ~ / ~ ~ ~ # 8 ~ / ~ # ~ / ~ / ~ # ~ / ~ / ~ # ~ / ~ # ~ # ~ / ~ / ~ # ~ # ~ # ~ # ~ # ~ / ~ / ~ / ~ i i / ~ / ~ / ~ # ~ ~ / ~ / ~ / ~ # ~  

C 
IF(IDX3.NE.2)CALL POWER(IR,RMC,RD,RI,LMX,IANG,AMD 

*,AM,TA,TD,PA,PS,IDX1,IDX2,IDX3,AMl,NFO) 

c 
NST=LMX 
IF(IDXZ.EQ.2)CALL SMOOTHING(IC,IR,DF,AM,NST) 

C d a I # I/ B # /I # # # B 11 /i /I # t # # // # !I # B # I# # I /  # # A  # # # # I# # # I /  # I# // I# H 
C 

NST=6 
IF(IDX~.EQ.Z)CALL SMOOTHING(IC,IR,DF,AM~,NST) 

C ~ # ~ # ~ I ~ # ~ # ~ I ~ / ~ # ~ # l / ~ # ~ ~ ~ # ~ # ~ I ~ # ~ I ~ # ~ # ~ # ~ I ~ # ~ # ~ # ~ # ~ # ~ # ~ # ~ / ~ # ~ ~ ~ / ~ / ~ i ~ # ~ # ~ # ~ # ~ # ~ # ~ # ~ # ~ # ~ I ~ #  
C 

DO 290  I= 1 ,IR 
IF(IDX3.EQ.3)AM(LI,I)=AMl(l,I)-POb7F-ARI 
IF(IDX3.EQ.3)A.M(LR,I)=AMl(Z,I)-POWF-ARR 
AM(LT,'I:)=AM(LR,I)-AM(LI,I) 

290  CONTINUE 
IF(IDXI.NE.1)GO TO 780 
DO 780 I=l,IR 
F(I)=(I-I)*DF 

7 80 CONTINUE 
c: 

NPl=IDX2*100tIDXl*lO 
C 
C  FIRST  DIGIT  OF  NP1  REPRESENTS  IDX2(  l=UNSMOOTHED, 
C  2=SMOOTHED). SECOND  DIGIT  OF NP1 REPRESENX'S  IDXl 
C  (I=NARROW  BAND,2=1/3  OCTAVE,3=OCTAVE) 
C 
C ******* PRINT & STORE  STATEMENTS  FOR  INDUCT  PRESSURE, ****** 
C ********** POWER & REFLECTION  COEFFICIENT  SPECTRA ********* 
C 

WRITE(6,5OO)TITLl  ,TITL2 
WRITE(6,SlO)AMJ,AMT 
WRITE(  6,660) 
WRITE(6,650) 

650 FORMAT(lOX,'FREQUENCY',2X,'INCIDENT',lX,'REFLECTED', 
*~X,'INCIDENT',~X,'REFLECTED',~X,'TRANSMITTED',~X, 
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660 

840 
C 

850 

. 860 

870 

C 
C 
C 
C 

500 

1 

*’REFLECTION‘,//,23X,‘SPL‘,7X,‘SPL‘,6X,’PO~R’,5X, 
*’POWER’ ,5X,’POWER’  ,4X,’COEFFICIENT‘ ,//) 
FORMAT(  17X,’INDUCT  PRESSURE, POWER AND REFLECTION 

* COEFFICIENT  SPECTRA’,//) 
WRITE(6,840)(F(I),(~(K,I),K=LI,~),(Al(J,I~,J=l,~), 
*AM(LT,I),I=l,NF,NSTF) 
FORMAT(  10X,F7.0,6F10.2) 

ENCODE(13,850,FNAME)NR,Wl 
FORMAT(213,’PRW.ADT‘) 

DO 860 K=LI ,LR 
WRITE(9,300)(AM(K,I),I=l,IB) 
CONT INUE 
DO 870  J=1,3 
~7RITE(9,30O)(AMl(J,I),I=l,IB) 
CONTINUE 
WRITE(9,300)(AM(LT,I),I=l,IB) 
CLOSE (9 ) 

**** PRINT & STORE  STATEMENTS  FOR  FARFIELD  SPL **** 

OPEN(UNIT=~,NAME=FNAME,STATLJS=‘NEW’ ) 

*********** ANI’) POWER S p E a R A  *k******f************ 

WRITE(  6,500)TITLl  ,TITL2 
WRITE(6,510)AMJ,AMT 
WRITE(  6,520)RMC 
WRITE( 6,53O)TITL3 
IF(LJ4X.EQ.l3)WRITE(6,54O)(IANG(J),J=l,LMX) 
IF(LMX.EQ.l2)WRITE(6,800)(IANG(J),J=l,LMX) 
IF(LMX.EQ.11)WRITE(6,8lO)(IANG(J),J=l,LMX) 
IF(LMX.EQ.lO)WRITE(6,73O)(L4NG(J),J=l,LMX) 
FORMAT(1H1,//,25X,20A4,/,25X,2OA4,/,25X,2OA4, 
*/,25X,20A4,//) 

* MACH NO =‘,F5.3,//) 
510 FORMAT(22X,‘JET MACH NO, MJ  =‘,F5.3,5X,’FREE  JET 

520 FORMAT(20X,’SPL (dB) CORRECTED  TO  100*EXIT  DIAMETER, 

530 FORMAT(/,20X,20A4,//,20X,2OA4,//) 
540 FORMAT(5X,‘FREQUENCY’,2X,‘PWL’,1316//) 
800 FOFNAT(5X,’FREQVENCY’,2X,’PWL‘,1216//) 
810 FORMAT(5X,‘FREOUENCY’,2X,’PWL‘,llI6//) 
730 FORMAT(5X,‘FREQvENCY’,2X,’PWL’,lOI6//) 

* RMc =’ ,F7.3,’ FT.’,//) 

IF(LMX.EQ.13)WRITE(6,55O)(F(I),AMl(4,I),(~(J,I), 

IF(LMX.EQ.12)WRITE(6,820)(F(I),AMl(4,I),(AM(J,I), 

IF(LMX.E~.11)WRITE(6,83O)(F(I),AM1(4,I),(AM(J,I), 

*J=~,LMX),I=~,NF,NSTF) 

*J=~,LMX),I=Z,NF,NSTF) 

*J=l,LMX),I=l,NF,NSTF) 
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550 
820 
8 30 
7 40 

C 

560 

7 20 

C 

700 
5 90 

350 

360 
C 
C 
c: 
C 

6 10 

IF(LMX.EQ.lO)WRITE(6,740)(F(I),AM1(4,I),(~(J,I), 

FORMAT(SX,F7.0,1X,14F6.1) 
FORMAT(5X,F7.0,lX,13F6.1) 
FORMAT(5X,F7.0,1X,12F6.1) 
FORMAT(5X,F7.0,1X,llF6.1) 

ENCODE(13,560,FNAME)NR,NPl 
FORMAT(213,'SPL.ADT:) 

WRITE(9,300)(AM1(4,I),I=l,IB) 
DO 720  J=l,LMX 
WRITE(9,300)(AM(J,I),I=l,IB) 
C0NTINUE 
CLOSE( 9 )  

IF(IDX3.NE.3)GO TO 590 
DO 700 I=1,IR 
AM(LI,I)=AM(LI,I)+POWF+ARI 
CONTIN1.E 
CONTINUE 
DO 350  K=l,LMX 
DO  350  1=1  ,IR 
AM(K,I)=AM(K,I)-AM(LI,I)+FACT 
CONTINUE 
DO 360  1=1  ,IR 
IF(IDX3.NE.~)AM(LT,I>=AM(LR,I)-AM(LI,I) 
CONTINUE 

*J=~,LMX),I=~,NF,NSTF) 

OPEN( UNIT- 9,  NAME-FNAME , STATUS= 'NEW' 

***** PRINT & STORE  STATEMENTS FOR. FARFIELD  SPL & POWER**** 
*******SPECTRA  NORMALIZED TO INCIDENT  PRESSURE  FIELD******* 

WRITE(6,500)TITLI  ,TITL2 
WRITE(  6,5 1O)AM.J ,Am 
WRITE(6,610) 
WRITE(6,530)TITL3 
TP(LMX.EQ.l3)WRITE(6,540)(IANG(J),.J=l,LMX) 
IF(LMX.EQ.12)WRITE(6,8OO)(IANG(.T),.J=l,LMX) 
IP(LMX.EQ.11)WRITE(6,8lO)(IANG(.J),J=l,LNX) 
IF(LMX.Eg.l0)WRITE(6,730)(IANG(J),.J=l,LMX) 
FORMAT(33X,'SPL & POWER  TRANSFER  FUNCTIONS (dB) NORMALIZED',// 

IF(LMX.~~.l3)WRITE(6,55O)(F(I),AM1(5,I),(~(J,I),J=l,~), 

IF(LMX.EQ.l2)WR.ITE(6,82O)(F(I),AM1(5,I),(~(J,I),J=l,~X), 

IF(LMX.EQ.11)WRITE(6,~3O)(F(I),AM1(5,I),~~(J,I~,J=l,~X), 

*,35X,'WITH  RESPECT TO INCIDENT  PRESSURE  FIELD',//) 

*I=I,NF,NSTF) 

*I=~,NF,NSTF) 

*I=l,NF,NSTF') 
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C 

6 90 

180 

C 

2 10 
C 
C 
C 
C 

6 30 

IF(~X.E~.lO)WRITE(6,740)(F(I),AM1(5,I),(~(J,I),J=l,~X~, 
*I=~,NF,NSTF) 

ENCODE(13,690,FNAME)NR,NP1 
FORMAT(  213,  'TRI  .ADT' 
OPEN(UNIT=9  ,NAME=FNAME  ,STATUS='NEW' ) 
WRITE(9,30O)(AMl(S,I)  ,I=l,IB) 
DO 180 J=l  ,LMX 
WRITE(9,300)(AM(J,I)  ,I=l,IFi) 
CCINTINLTE 
CLOSE( 9) 

DO 210  J=l,LMX 
DO 210  I=l,IB 
AM(J,I)=AM(J,I)+AM(LI,I)-FACT-AM1(3,I)+FACTT-POWF 
CONTINUE 

***** PRINT & STORE  STATEMENTS  FOR  FARFIELD SPL & POWER **** 
**** SPECTRA NORMALIZED  TO  TRANSMITTED  PRESSURE  FIELD*** 

WRITE(6,500)TITL1  ,TITL2 
WRITE(6,510)AMJ,AMT 
WRITE(6,630) 
WRITE(6,530)TITL3 
IF(LMX.EQ.l3)WRITE(6,54O)(IANG(J),J=l,LMX) 
IF(LMX.EQ.l2)WRITE(6,800)(IANG(J),J=l,LMX) 
IF(L,MX.EQ.11)WRITE(6,8lO)(IANG(J),J=1,LMX) 
IF(LMX.EQ.lO)WRITE(6,73O)(IANG(J),J=l,LMX) 
FORMAT(33X,'SPL & POWER  TRANSFER  FUNCTIONS (dB) NORMALIZED',// 

IF(LMX.~~.l3)WRITE(~,550)(F(I),AM1(6,I),(~(J,I~,J=l,L~), 

IF(LMX.E~.12)WRITE(6,820)(F(I),AM1(6,I),(~(J,I),J=l,~X), 

IF(~~X.EQ.ll)WRITE(6,830)(F(I),AM1(6,I),(~(J,I),J=l,~X), 

*,35X,'WITH  RESPECT TO TRANSMITTED  PRESSURE  FIELD',//) 

*I=l  ,NF,NSTF) 

*I=l,NF,NSTF) 

*I=l,NF,NSTF) 

*I=l  ,NF,NSTF) 
IF(~X.EQ.lO)WRITE(6,740)(F(I),AM1(6,I),(~~J,I~,J=l,~X), 

C 
ENCODE(13,190,FNAME)NR,NJ?l 

190 FORMAT(213,'TRT.AMT') 
OPEN(  UNIT=^ ,NAME=FNAME  ,STATUS= 'NEW' ) 
WRITE(9,300)(AM1(6,I),I=l,IB) 
DO 680 J= 1 ,LMX 
WRITE(9,300)(AM(J,I),I=l,IB) 

 CLOSE(^) 
680 CONTINUE 

C 
END 
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C 
C 
C 
C 
C 
C 
C 
C 
c 
C 

SUBROUTINE HUMCAL(IC,IR,DF,PA,TA,AM,IANG,LMX,LO,IDX3,IDX4) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CORRECTS  FOR  HUMIDITY 
CORRECTS  FOR  MICROPHONE  POSITION  TO A STANDARD  POLAR  RADIUS 
CORRECTS  THE  EFFECT  OF   WIND  SCREEN I F  MOUNTED ON A MICROPHONE 
CONVERTS  TO  ABSOLUTE  LEVEL  USING  MIC/REF.   MIC  CALIBRATION 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 
CHARACTER  FNAMF,*13 

C 
C 

L I= LMX+ 1 
LR= LMX+2 

C 

c 
C 
c 

C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
C 

210 

C 
C 
c 
C 
C 
C 
C 

R . E A D ( 5 , * ) ( A M P ( I )  ,I=l ,LR) 

AMP( I)=ATTN  DURING  AVERAGING [ A 1  ]-ACTUAL AMPL 
"""""""""_""" 

READ( 5 ,  * )REA1 

REAl=O.  WHEN FUNCTION 1 2  NOT USED I N  ZERO  SETTING 
""""""_ 

D A M P ( I ) = ( R E F  AMPL-ACTUAL  AMPL)+(ATTN  DURING  AVERAGING [ A l l -  
A T T N   O F   R E F   S I G N A L   P U R I N G   Z E R O   S E T T I N G   I N   F C N  1 2  [ A l l  ) 

=REF  AMPL(REAMP)-ATTN  OF  REF  SIGNAL  DURING  ZERO 
S E T T I N G  I N  FCN 12  [ A l l   ( R E A l ) + A M P ( I )  

N0TE:ATTN  OF  ACTUAL  SIGNAL I N  FCN 6 [ A 2 1  I S  ALREADY  ADDED. 
AND ( 1 1 4 - A T T N   O F   R E F   S I G N A L   D U R I N G   Z E R O   S E T T I N G   I N   F C N  6 
[ A 2 ] )  I S  ALSO ADDED 

DO 210 I = l , L R  
REAMP=20. 
I F ( I . G E . L I ) R E A M P = O .  
DAMP(I)=REAMP-REAl+AMP(I) 
IF(IDX3.EQ.3.AND.I.GT.LMX)DAMP(I)=O. 
CONTINUE 
READ(5,*)RMP,RMS,INl,IN2,RH 

RMP=STANDARD  POLAR  DISTANCF, FT. 
RMS=SMALLER  POLAR  DISTANCE, FT. 
I N l = L O W E R   L I M I T   F O R  RMS 
I N 2 = U P P E R  LIMIT FOR RMS 
RH=PERCENTAC,E OF HUMIDITY 

"""""""""""""- 
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DO 200 I=l,IC 
X=(I-l)*DF 
IF(I.LE.31)FRES(1)=-5.33+.0318*X-.63gE-O4*X*X 

IF(I.GT.31.AND.I.LE.51)FRES(I)=o* 
IF(I~GT.51)FRES(I)=-.O876+.229E-O3*X-.172E-O6*X*X 

*+.426E-O7*X*X*X 

*+.181E-lO*(X**3)-.725E-l5*(X**4) 
200 CONTINUE 

DS= 2.5 
C 

C 
C DSINDUCT TRANSDUCER  POSITION  FROM  EXIT, IT. 

FACT1=2O.*ALOGlO(RMP/RMS) 
PI=3.1415926 
NRCAL-999 
NPWINI)=999 
RD=2.013/12. 
ENCODE( 13,10O,FNAME)NRCAL,NPWIND 

100 FORMAT(213,'WNS.CAL') 
OPEN(UNIT=~,NAME=FNAME,STATUS='OLD') 
READ(9,3OO)(WS(I),I=l,IC) 

C WS=WIND  SCREEN  CORRECTION 
300 FORMAT(lOF8.3) 

CLOSE (9) 
T01=273.16 
+PA/  14.7 
TFTA 
TC=(TA-32.)*5./9. 
T=TC+T 0 1 
Tl=T/293 
PS=10~79586*(1~-T01/T)-5~02808*ALOG10(T/T01)+1.50474E-4* 
1(1~~1/(10~**(8.29692*((T/TOl)-1))))+0.42~73E-3*(10.**(4.76955* 
2(1.-(TOl/T)))-I.)-2.2195983 
PS=lO.**PS 
H =PS/P*RH 
FRO2=P*(24.+4.41EO4*H*(O.O5+H)/(O.391+H)) 

DO 110 J=l,IC 

A~l.8~E-11+2.1913E-4/Tl*P*(2239.1/T)**2*E~(-2239.l/T) 

AL=AL+8.1619E-4/Tl*P*(3352./T)**2*EF((-3352./T) 

AbAL*SQRT(Tl)*CF**2/P 
HUMCOR( J)= AL"2647. / 1000. 

NRHAF= 101 

FRN2=P/SQRT(T1)*(9.+35O.*H*EXP(-6.142*((l./Tl)**.333-1.))) 

CF= ( J-1 *DF 

l/(FRO2+(CF**2/FR02)) 

l/(FRN2+(CF**2/FRN2)) 

110 CONTINUE 

C NRHAFRUN NO FOR  HALF  INCH  MIC  CAL W.R.T. REF MIC 
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" 

DO 291 K2=1,LR 
NP=IANG(K2)+100 
IF(K2.GE.LI)NP=lOl 
IF(K2.GE.LI.AND.IDX3.EQ.3)GO TO 510 
ENCODE(13,500,FNAME)NRHAF,NP 

500 FORMAT(213,'HAF.CAL') 
OPEN(UNIT=~,NAME=FNAME,STATUS='OLD') 

 CLOSE(^) 

READ(9,300)(AW(I),I=l,IC) c AW=TRANSFER FUNCTION OF MIC/TRANSDUCER 

510 CONTINUE 
DIST=RMP+DS 
IF(IANG(K2).LE.INl)DIST=RMS+DS 
IF(IANG(K2).GT.IN2)DIST=RMS+DS 
FACT= 0. 
IF(IANG(K2).LE.INl)FACT=FACTl 
IF(IANG(K2) .GT0IN2)FACT=FACT1 
DO 330 Ir1,IC 
IF(K2.LE.LMX)AM(K2,L)=AM(K2,L)+HUMCOR(L)*DIST-FACT+ 

IP(K2.GT.LMX.AND.IDX3.NE.3)AM(K2,L)=AM(K2,L)+DAMP(K2)- 
*DAMP(K2)-AW(L)-FRES(L) 

*FRES(L)-AW(L) 
330 CONTINUE 

IF(IDX4.EQ.2)GO TO 331 
IF(IANG(K2).GT.INl)GO TO 331 
DO 332 L=l,IC 

332 AM(K2,L)=AM(K:!,L)+WS(L) 
331 CONTINUE 
291 CONTINUE 

RETURN 
END 
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C 
SUBROVTINE FLIGHT(IB,RMP,VT,VJ,CO,CT,AMT,IANG,LMX,A,DF) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TRANSFORM N O I S E  DATA  MEASURED I N  A FREE JET F L I G H T  

SIMULATION  FACILITY  TO  THE  IDEAL WIND-TUNNEL SIMULATION 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DIMENSION THEM(16>,THET(16),KA(16),AM(l6,501),AM1(13,501) 

* , IANG( 16)  
C 

RT=O .356 
RM=RMP*0.305 
R= RM 

200 

C 
C 

RT=FREE-JET  NOZZLE  RADIUS, M 
RM=MEASURJZMENT DISTANCE FROM NOZZLE  EXIT  PLANE 

R=EMISSION  DISTANCE FROM SOURCE  LOCATION  FOR 
FOR  FREE-JET  DATA, M 

IDEAL WIND-TUNNEL  DATA, M 

PI=3.1415926 
W D =  180. / P I  
RBA@R/RT 
RMB& RM /RT 
AOAT=CO/CT 
VJAO=VJ/CO 
AC)MT=VT/CO 
RHOR=AOAT*AOAT 
VT AT= AMT 
VJ=VJ*. 305 
VT=VT* . 305 
ACOS=-l.  /(AOAT+VTAT) 

THETMX=RADD*ATAN(TM) 

MTX= 0 
DO 200 K=l,LMX 

C O N T I r n  
DO 100  K=l,LMX 
THEN(K)=IANG(K) 
THET(K)=IANG(K) 

TANT=SQRT(~.-ACOS*ACOS)/ACOS 

IF(ACOS.LT.O.)THETMTHETMX+~~~. 

KA(K)=O 

THEM(K)=MEASUREMENT  ANGLES 
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C 
C 

100 

140 

THET(K)=INTERPOLATED ANGLES 

IF(THET(K).LE.THETMX)GO TO 100 
MTX=MTX+l 
KA(KTX)=K 
CO~INUE 
ZMXl=LMX 
IF(KA(l).NE.O)LMXl=K(l)-l 
MTx= 0 
DO 140 K=l,LMX 
KA(K)=O 
CONTINUE 
m= mx- 1 
DO 120 K=l,LMXl 
CCHET=COS(THET(K)/RADD) 
STHET=SIN(THET(K)IRADD) 

COSTH~=(AOAT*CTHET)/(I.+VTAT*CTHET) 

COTTH~=COSTHO/SINTHO 

COTPST=(  CTHET+VTAT)  /STHET 

SI?Tl'H@SQRT( 1 .-COSTHO*COSTHO) 

CF=-40.*ALOG10( 1 .+VTAT*CTHET)+lO.*ALOGlO(RHOR) 
XLBAR=COTPST 
ALBAR=XLBAR-COTTHO 
R R O B A R = S Q R T ( R M B A R * R M B A R - A L B A R * A L B A R * S I N T O ) -  
*ALBAR*COSTHO 
RI?ABAR=RROBAR+( 1 ./SINTHO)*( ( (  (SINTHO/SQRT( ( (  1 .-AOMT 

**COSTH0)**2)*AOAT*AOAT-COSTHO*COSTHO))**3)*AOAT*AOAT)-l.) 
ACOS=(RMBAR*RMBAR+ALBAR*ALBAR-RROBAR*RROBAR)/(2.*ALBAR*RMBAR) 
TANT=SQRT(~.-ACOS*ACOS)/ACOS 
THEMI=RADD*ATAN(TANT) 
IF(ACOS.LT.O.)THEMI=THEM1+180. 

IF(THEMI.LT.THEM(l).OR.THEMI.GT.THEM(JXX))GO TO 120 
DO 110 J=1,IB 
DO 160 I=l,NTM 

GO TO 160 

CR=~O.*ALOG~O(RROBAR*RRABAR/(RBAR*RBAR)) 

IF(THEMI.LE.THEM(I+~))GO TO 150 

150  CONTINUE 
A M ~ ( K , J ) = A M ( I , J > + ( ( T H E M I - T H E M ( I ) ) / ( T H E M ( ( I ) ) ) *  

*(AM(I-I-~,J)-AM(I,J)) 
GO TO 170 

160 CONTINUE 
170 CONTIWJI  

IF(J.EQ.~)MTX=MTX+~ 
KA(MTX)=K 
AM1 (MTX,  J)=AMl  (K,  J)+CF+CR 

C IF(AM~(K,J).LT.~.)AMI(K,J)=I. 
110 COrnINUE 
120 CONTINUE 

LMXl=KA(MTX) 
LMX2=KA( 1 ) 
LMX=LMXl-LMX2+1 

38 9 



DO 180 K=l,LMX 
IANG(K)=IANG(LMX2-l+K) 
DO 180 J-1 ,IB 
AM(K, J)=AM1 (K, J) 

180 CONTINUE 
RETURN 
END 
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C 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C OCTAVE  AND  ONE-THIRD  OCTAVE  CONVERSION  OF  SPECTRUM 
C USING  NARROW  BAND  DATA. 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

SUBROUTINE OCTAVE(IDXl,IDX3,NFO,DF,IR,IC,AM,F,LT) 

DIMENSION AM( 16,50l),A1(501)  ,FNL(40)  ,F(501)  ,NL(40)  ,NL1(40) 
*,DL(4O),FNH(4O),NH(~~),~1(4O),DH(40) 

C 
IF(IDXl.EQ.2)0TOF=2.**(1./6.) 

DO 400 I=l,NFO 
IF(IDXl.EQ.3)OTOF=SQRT(2.) 

FNL(I)=F(I)/OTOF 
ANL=FNL(I) /DF+~. 

N L ~  ( I)=NL(I)+~ 

FNH(I)=F(I)*OTOF 
ANH=FNH(I)/DF+~. 

NL(  I)=IFIX(ANL+.5) 

DL(I)=NL(I)-ANL+.5 

NH( I)=IFIX(ANH+.5) 
NHl(I)=A?(I)-1 
DH(I)=ANH-NH(I)+..~ 
IF(NL(I).NE.NH(I))GO TO 400 
DL( I)=DL(  1)-.5 
DH(I)=DH(I)-.5 

DO 410 K=l,LT 
IF(IPX3.NE.3.AND.K.FQ.LT)GO TO 410 
DO 110 I=1,IC 

400 CONTINIJE 

AM(K,I)=I~.**(AM(K,I)/~~.) 
110 CONTINUE 

DO 500 J=l,NFO 
ML1=NL1 (J) 

MHl=NHl(J) 
ML=NL(J) 

MH=NH(J) 
A~(J)=AM(K,ML)*DL(J)+AM(K,MH)*DH(J) 
IF(MHI.LT.ML~)GO TO 500 

AI(J)=A~(J)+AM(K,I) 
DO  510 I=MLl,MHl 

510 CONTINUE 
500 CONTINUE 

DO 520 J=l,NFO 
IF(AM(K,J).LE.O.)AM(K,J)=.~~~ 
AM(K,J)=~o.*ALOC~~(A~(J)) 

520 CONTINUE 
410 CONTINUE 

RETURN 
END 
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c: 
SIJBROLiTINE POWEK(IR,RMC,RD,RI,LX,IANG,AMD,AM,TA,TD,l?A, 

*PS,IDXl,IDX2,InX3,ANl,NFO) 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TO COMPUTE INDUCT AND FAR-FIELD POWER SPECrrRA 

AND POWER IMBALANCE SPECTRUM 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHARACTER FNAME* 1 3 

c 

160 

150 

IF(IDX1.NE.  l)IB=NFO 
LT=LMX+I 
I,R=LI+I 
TAT= LR+ 1 
GAM= 1.402 
PT=3.1415326 
FAC=f+.*PI*RMC*RMC 
FAI)=PI*  (RD*RD-RI*RI) 
FADl=1O.*AT,OGlO(FAD) 
ROA=GAM*PA*144./(49.0166*SQRT(TA+460.)) 
ROE=MM*(PS+PA)*144./(49.0166*SQRT(TD)) 
FADI=FAI3l-IO*ALOGIO(ROD) 
FACT=10.*ALOGIn(ROA) 
POWF=3.7396751 

SI=S IN( DTHR/2. ) 
C*COS(DTHR/2. ) 
DO 150 I=l,IR 
AY=O. 
DO 160 K=l,LMX 

DTHR=PI/I~. 

THR=IANG(K)*PI/~~~. 
IF(IANG(K).EO.0)SR=(l.-CO)*FAC/2. 
IF(IANG(K).NE.O)SR=SI*SIN(THR)*FAC 

AY=AY+PW*  SR 
COrnINUE 
AM1(4,I)=lO.*ALOGlO(AY)-FACT+POWF 
CONTINUE 
IF(IDX3.EQ.3)GO TO 400 
DO 180 I=l  ,IR 

WT2=(10.**(AM(L1,1)/10.))*(1.+~)*(1.+AMD) 
IJTT( I)=WT2-WTl 
AM1 (1, I)= lO.*ALOGln(MT2)+FADDI+POWF 
AM1(2,I)=lO.*ALOGlO(WTl)+FADl+POWF 

PW=lo.**(AM(K,I)/lo.) 

W"~=(~O.**(AM(LR,I)/I~.))*(I.-AMD)*(~.-AMD) 
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180 

940 

930 

32 0 

400 

420 
410 
C 
C 
C 
C 
C 
C 
C 
c: 

AM1(5,I)=AM1(4,I)-AMl(l,I) 
CONTINm 
DO 320 1=1 ,IB 
NEZ= 2 
IL=I 
CONTINUE 
IF(~T(I).GT.O.)GO TO 930 
IL=IL+(-l)**NEZ 
IF(IL.GE.IB)NEZ=~ 
m ~ (  I)=~T( IL) 
IF(IL.LE.~)WTT(I)=.OOO~ 
GO  TO 940 
CONTINUE 
AM1(3,I)=l0.*ALOGlO(WTT(I))+FADl+POWF 
AM1(6,1)=AM1(4,I)-AM1(3,1) 
CONTINUE 
GO TO 410 
cow INUE 
DO 420 1=1  ,IB 
AMl(l,I)=AM(LI,I) 
AM1 (2,  I)=AM(LR, I) 
AM1(3,I)=AM(LT,I) 
AM1(5,I)=AM1(4,I>-AMl(l,I) 
AM1(6,I)=AM1(4,I)-AM1(3,1) 
CONTINUE 
CONTINUE 

AM1( 1 ,I)=INCIDENT  POWER 
AMl(Z,I)=REFLECTED  POWER 
AM1 (3,  I)=TRANSMITTED  POWER 
AM1 (4,  I)=FAR  FIELD  POWER 
AM1(5,I)=FAR  FIELD  NORMALIZED TO INCIDENT 
AM1 ( 6 ,  I)=POWER  IMBALANCE 

RETURN 
END 
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

110 

520 
5 30 

550 

540 

5 10 

SUB  ROUTINE SMOOTHING(IC,IB,DF,AM,NST) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TO SMOOTH NUMERICALLY ANY SOUND  PRESSURE  LEVEL 

SPECTRUM  OR  POWER  SPECTRUM  OR  NORMALIZED 

TRANSFER  FUNCTION  SPECTRUM 

*******X*************************************** 

DIMENSION AM(16,501),A(501),Al(501) 

Jell 
KA= 1 
PI=3.1415926 
IE=IB 
IO=IB-(JO-1)/2 
L1= 1 
DO 100 JX=  1, NST 
DO 110 I=l,IB 
A(I)=lO**(AM(JX,I)/20.) 
CONTINUE 
DO 225  N1=1,3 
DO 500 I=KA,IB 
IF(I.GT.IO)GO TO 520 
J=2*1-1 
IF(J.GE. JO)J=JO 
GO TO 530 
J=( IB-I)*2+1 
Jl=(J-1)/2 
kT= J-1 
J2=  5-2 
J5=I-J1 
IF(I.EQ.1)GO TO  510 

A1 ( I ) = O .  
DO 540 K=l,J2,2 
J3=I-J1+K 
J&J3+1 
Al(I)=Al(I)+4.*A(J3) 
IF(K.EQ.JP)GO TO 550 
Al(I)=Al(I)+2.*A(J4) 
IF(K.EQ.J2)Al(I)=Al(I)+A(J4) 
IF(K.EQ.l)Al(I)=Al(I)+A(J5) 
CONTINUE 
Al(I)=Al(I)/(S.*AJ) 
Il=IB-l 
IF(I .EQ. l )Al (KA)=(A(KA)+A(KA+1) ) /2 .  

IF(I.EQ.IB)GO TO 510 
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IF(I.EQ.IB)A~(IB)=(A(I~)+A(IB))/~. 
500 CONTINLTE 

DO 570 I=KA,IB 
A(I)=Al(I) 

570 CONTINUE 
225 COEPTINUE 

571 AM(JX,I)=2O.*ALOGlO(A(I)) 
100 COEPTINUE 

RETURN 
END 

DO 571  I=l,IB 
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